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THE AGE OF THE MILKY WAY 
HENRI MINEUR 


ABSTRACT 


The dynamical consequences of a variation in the masses of the stars, treated in ac- 
cordance with the theory of relativity, are discussed: the motion of such a mass in a 
given gravitational field is the same as that of a constant mass. Asa first approximation, 
Newton’s law holds. The diminution in the masses of the stars causes our Milky Way 
system to expand in inverse proportion to its mass, and the velocities increase in pro- 
portion to the mass. 

As a result of the variation in the masses of the stars, the equipartition of energy for 
various groups of stars is upset, and the effect of the passages is insufficient to re- 
establish the equipartition. 

A study of the mean energy of various groups of stars permits us to determine the 
age of the Milky Way (or at least an upper limit for this age) if we assume that equi- 
partition of energy existed at the time when the stars were formed. A numerical 
evaluation of the equipartition of energy leads to the conclusion that the interval of 
time since the formation of the stars cannot be greater than approximately 10"° years. 

We are led to consider the possibility that the stars have, since their formation, re- 
tained very nearly the same masses and have not undergone a process of evolution 
such as has been generally accepted. 

This result is in agreement with the hypothesis of the origin of the Milky Way pro- 
posed by G. Lemaitre as a result of his theory of the expanding universe. 


1. The purpose of this paper is to investigate the problem of the 
age of the Milky Way by comparing the observed equipartition of 
energy of the translational motions of the stars with the theory of 
this phenomenon. The new element introduced by me into the 







theory is the secular variation of the masses of the stars. 






MECHANICS OF VARIABLE MASSES 
2. For some twenty years it has been generally accepted that the 
radiation of the stars results from the destruction of their masses by 
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some unknown physical process. This phenomenon was predicted 
by the theory of Einstein and was suggested as an explanation of the 
radiation of the stars by J. Perrin.’ This opinion has been recently 
confirmed by laboratory experiments’ in which positive electrons 
have actually been observed to disappear, following which there 
occurred emissions of photons. 

According to this hypothesis, the mass of a star, M, varies as a 
function of the time ¢. This variation is approximately represented 
by the equation 

dM 


dt =—2aM;, (1) 


where a=5-10-"4, if the year is taken as the unit of time and the 
solar mass as the unit of mass. This value of a is the one which 
represents best the mass-luminosity relation in the interval we are 
to consider later: —o, 3< log M<1, 2. This assumed variation of 
stellar mass makes it necessary to re-examine the dynamical equa- 
tions of stellar motions. 

3. The first problem which we shall consider is the following: 
Adopting the Newtonian dynamics in order to simplify the nota- 
tions, what will be the equation of motion of a mass m having the 
co-ordinates x, .. . . , which varies with the time /, and is in a field 
of forces mX,....: 

Astronomers are divided into two groups with respect to this 
question. Some adopt the equation 


d?x ‘ ee 
m7, = ™- X or dP =X, (2) 
while the others prefer the expression 
d dx , s 
“\™ u)amx ‘ (2°) 


without, however, justifying this choice by physical reasoning. 
t Ann. de Phys., 2, 89, 1919. See also A. S. Eddington, British Assoc. Rept., 1920, 


Pp. 45. 
2 Jean Thibaud, Ann. dela Soc. Sc. de Bruxelles, Vol. 54, seconde partie, “Mémoires,” 


Pp. 36, 1934. 
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I have shown: that if the principle of relativity is accepted we are 
led to equation (2), while if the existence of a fixed ether is postu- 
lated we are led to equation (2’), which holds with respect to co- 
ordinates in the ether. 

Since the theory of relativity is now universally accepted, we shall 
adopt equation (2). I shall show briefly how this expression is ob- 


tained. 


In all points of space time we choose four axes: @, é:, €2, €;, the 
first being the time axis and the others the space axes. A displace- 


ment dM of an event M has the expression 


dM = Yo e; : 


i=o 


where w'(i=o, 1, 2, 3) are linear forms of the differentials of the 
co-ordinates of M. The structure of space is defined by six forms w*, 


such that 


= 
(wt) = Sat w', 


i °) 
and the parallel displacement of the vector e; is defined by 
-> ae m - 
de;= - we ey. 
enn 


k=o 
The interval between two events has the expression 
ds? = (w°)? — (wt)? — (w?)? — (w3)? . 


> —- 
Let us consider a particle, and let m, be its mass at rest. V =dM/ds 


is the vector velocity of the particle in space and time. J =m,-V 
is the vector whose space components are the momenta and whose 
time component is cm, m being the relative mass. We call this the 
“‘world-momentum.” 

The equations of mechanics for the particle are dJ =o. When m, 


3 Henri Mineur, Ann. de l’Ecole Normate Supérieure, Ser. 3, 5, 1, 1933. 
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is a constant, this equation is equivalent to dV =o. Let us assume 
m, to be variable. Stated more precisely, let us assume that during 
the interval of time /, t+dt/, a portion, —dm,, of the mass m, has 
been destroyed and spherically radiated by the particle. We shall 
determine the motion of the particle by equating its world-momen- 
tum at the time /, /=m,V, to the sum of two terms: the world-mo- 
mentum of the particle at the time /+d, 


I+dl = Mo | fale dm, V+ mod V ; 


and the world-momentum /’ of the emitted radiation. Hence 


w 
— 


dm.V+mdV+I'=o. (. 

I’ is to be estimated. This quantity constitutes a vector, and par- 

ticular axes can be chosen in order to facilitate the computation. Let 
us consider axes moving with the particle. 

The world-momentum of a photon of mass yp, emitted in the direc- 

tion whose direction cosines are a, 8, y, is the four-dimensional vector 


M, Mac, BC, myc , 


c being the velocity of light. 

We shall say that —dm, is spherically radiated when, with respect 
to axes moving with the particle, the sum along each space axis of 
the momenta of the photons emitted after the destruction of dm, is 
equal to zero. 

The components of the vector I’ relative to the total radiation 
emitted in the interval of time d/, when referred to the chosen axes, 
are then 


—dmp, 0,0, 0. 


Now the components of V with regard to the sames axes are 


1.8.00. 
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Therefore 
I’=—dm, + V 


Both sides of this equation being vectors, the equality holds in any 


system of reference whatever, and equation (3) reduces to dV =o. 
Hence the motion of a variable mass emitting spherical radiation in 
a given gravitational field is the same as that of a constant mass. 

This result justifies the choice of equation (2), at least to the ap- 
proximation of the Newtonian dynamics. 

4. We must now give the expression of the gravitational field set 
up in its neighborhood by a variable mass, that is to say, the ds? of 
a variable mass. 

I have discussed this problem in the above-mentioned paper, 
starting from Einstein’s gravitational equations. I shall review 
briefly the results: 

Let M(t) be the variable mass. Its ds? is 


ds?*=¢? E _ 5 M (x) Jae 2¢ dx dr—r[d0?+ cos? Ody’ , 
( 


where x and r are functions of the time / and of the radial vector 7,, 
defined by 

r 2 Or 2K 

x=t— — =I— M(x). 

¢° ¢ Ox cr (x) 

I also studied the force which acts upon a particle in such a ds’: 
this force may be considered as the sum of three forces F,, F,, F3. 
F, is the force which would act upon a particle if its mass were con- 
stant. Its components along and perpendicular to the radius vector 


are well known: 


ins _K | nai a M > 
r oe 
3°K : M /(dr\2 ‘ 2-8 -M =)’ 
a (i) _2+K-M C? (au 
ee 
Tr =2 -K+-Mdr dO 1 
‘ Gter dt dt nail -K-M° 
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y is a function of r and ¢ very nearly equal to 1. The expression of 
F, is approximately 


KdM 1 2 dr 
dt t.(1-2. 2), 
T _KdM dé 
68 


F, may be neglected. Let us notice that the n.ain term in F, is 
—KM/r’. The force F, varies as 1/r, but the computations show 
that for distances of the order of those of the stars in the Milky 
Way, F, may be overlooked when compared with F,. As a first ap- 
proximation, therefore, the force set up by a variable mass has the 
same expression as Newton’s classical force of attraction. 

I have shown, for instance, that the motion of a particle in the 
ds? of a variable mass is a Keplerian motion whose major semi-axis 
increases proportionally to a factor very nearly equal to 1/M and 
whose eccentricity increases very slowly. This result is practically 
the one which is obtained through the application of Newton’s law, 
at any rate when an interval of time of the order of the age of the 
stars is considered. 

5. We shall now investigate the evolution of the Milky Way due 
to the variation of the masses of which it is composed: 

Let us consider a space time (s), x, y, 2, 4. Let 6 be the material 
density at a given point. The potential w is 


_ ( bdr 
u(x, y, )=—-K f ips 


Let (S), X, Y, Z, T, be another space time, A its material density, 
and U its potential: 
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Let us establish between the two space times a correspondence de- 


fined by the formulas 


X = ax 
| 
Y=ay | 
Z=az 
we mb (4) 
a’ 
dT = 
dt 


where a, m, and ) are either constants or functions of T. We have 


d@=a3.dr 
and 


a a ; a . a 

@#X adx,I d (e\e d?a 5 
dT? 2 dt? a dT\/ dt’ dT?° 
aU _m ou 

OX @ ox’ 


6. Let us apply the preceding considerations to the case of the 
Milky Way, supposed to be the system S. 

We will assume that in all points of the Milky Way the law of 
probability of the stellar masses is the same. This is an assumption 
which can be made at least as a first approximation. 

Let uw be the mass of a region of the Milky Way and ¢(M)dM the 
law of probability of the stellar masses, that is to say, the probability 
for the mass of a star to be M3dM. Let N be the total number of 
stars situated in this region. We have 


3 “NM¢g(M)dM . 


Mm 
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When the time dt has elapsed, each mass M has undergone a varia- 
tion of —2aMdt, and the variation of u is 


du=—2-N- ait { “[4M39(M)+M4g(M)]dM . 


It is to be noticed that 1/u-du/dt does not depend on N, and there- 
fore is independent of the region considered, since we have assumed 
that ¢(M) is the same in all points of the Milky Way. Therefore the 
mass of any region of the Milky Way varies proportionally to a fac- 
tor, m(T), which is a function of the time only and does not depend 
upon the region considered. This factor is also proportional to the 
total mass of the Milky Way. 

The order of magnitude of dm/dt is readily obtained on the as- 
sumption that the Milky Way is composed of m masses M equal to 
one another and not very different from that of the sun: m=n-M. 
Hence 

dm___2a 


3 
dt n? wa 


Let us take m(T) as the factor m in section 5, the factors a and \ 
still remaining arbitrary. 

Formulas (4) establish a correspondence, event for event, between 
the actual Milky Way and a fictitious Milky Way which is an image 
of the first one. 

To the motions of the points of S which are defined by 


@X aU 
dT? aX 


eal 
~~ 


correspond, for the points of s, motions defined by 


d?x _ ms du d (= dx da " (6) 
de a dx @dT\ dt a dT? 


Let us determine a and X so that the motions defined by (6) obey 
the laws of dynamics, that is to say, so that (6) be equivalent to 


d?x Ou 


dt .: Ox” (7) 








a 
bo 
= 
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Setting the conditions 


m)? a’? 
=I anc =1 
as r ; 
we obtain a=1/m and \=1/m?’. We notice that the motion defined 
by (6) may be considered as occurring according to the laws of 
dynamics, provided a disturbing force is introduced whose first com- 


Mw € ff 
7 a a zs Ju 


This force may be neglected. If the Milky Way were composed of 
stars of equal mass, it would be equal to —4a’. This is not the case; 
but the disturbing force is nevertheless of the aforesaid order of 
magnitude, and it is easily shown that its influence may be ignored. 


Thus, setting 


ponent is 


I 
A=— 
m* 
(8) 
I 
a= 
m 


the motions in s and S which obey the laws of dynamics correspond 
to one another. 

Let us suppose, at the time O, the Milky Way to be in statistical 
equilibrium, and let us take it as system s. The motions in the 
Milky Way decrease proportionally to a factor m(T). We set m(1) 
=1. The evolution of the Milky Way at the time O is defined by 
equation (7). 

As a consequence of the radiation emitted by the stars, the mass 
of the Milky Way is defined by equations (5), and we have just 
shown that the integral X(T) of (5) is given by 


m- m m 


T ( 
t= { mdT , 
/O 


x(T) .... being an integral of (6). 
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Equations (9) are readily interpreted as follows: 

The Milky Way at the time T is identical to the Milky Way at the 
time O where all dimensions are multiplied by 1/m and in which the 
time is multiplied by 1/m?-1/m is greater than unity for T >o. 

It follows that should the masses cease varying at the time /, the 
Milky Way would be in statistic equilibrium. 

7. The velocities in the Milky Way at the time T are equal to the 
velocities at the time O multiplied by m. 

Let us notice that at the end of 2-10" years, for instance, the fac- 
tor m, as to order of magnitude, remains equal to 1 — 107%, that is to 
say, very nearly equal to r. 

Let us notice further that, if we consider a group of stars, the 
mean velocity of the group and the residual velocities of the stars 
are all multiplied by m. 

We conclude that the result of the variation of the mass of the 
Milky Way and of the masses of the stars of which it is composed 
is that every stellar velocity is multiplied by a factor m which 
remains equal to 1, within a hundredth, for 2-10" years. 


THE EFFECT OF VARIATION OF THE MASSES UPON THE KINETIC 
ENERGY OF A GROUP OF STARS 

8. Let us recall briefly the result obtained by Jeans concerning the 
action of passages upon the stellar velocities. 

We take the following units: for the time, the year; for the veloc- 
ity, 1 km/sec; for the mass, the solar mass. The cumulative effect 
of the passages upon a star during the time ¢ is to communicate to 
the star a transverse velocity »v whose magnitude is approximately 
given by v?=10-"-¢. It is to be noted that v is independent of the 
mass of the disturbed star. 

From this expression the time of relaxation of the Milky Way 
was deduced, that is to say, the time 7 necessary for the passages 
to impart to the stars velocities v of the same order of magnitude as 
they were originally. This time 7 is approximately 7 = 3-10" years. 

It is known that the effect of the passages is to establish the equi- 
partition of energy between the various categories of stars; and as 
it is observed that the equipartition is approximately established, 
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the conclusion was derived some years ago that 7 gives the order of 
magnitude of the age of the Milky Way. 

It appears from the results obtained in sections 3 and 4 that the 
discussion concerning the effect of a passage upon the velocities of 
two stars whose masses are supposed to be constant remains valid 
when the masses are supposed to be variable, for the passage of two 
stars in the vicinity of one another does not last long, compared with 
the age of the Milky Way, and the variation in the masses of the 
stars is too insignificant to modify the circumstances of the passages. 

g. Let us study the effect of the variation of the mass and of the 
passages upon the mean kinetic energy of a group of stars. 

Let us consider, at the time ¢ =o, a group of stars, G, all having the 
same mass fo. Let V, stand for the mean residual quadratic velocity 
of these stars. We have for the mean kinetic energy of G 


O=40V2 . 


Let uw, and V, stand for the same quantities at the time #/, and let 
us first consider the variation with ¢ of @, which is due to the varia- 
tion of the masses. We shall then examine to what extent the pas- 
sages can modify this quantity. 

As has been shown in section 7, when the time ¢ has elapsed, the 
mean quadratic velocity of the stars of G is V,, to within a hun- 
dredth, provided ¢ be less than 2-10" years. In what follows we con- 
sider only intervals of time less than this, and we may write V,=V.. 
In the case of ¢ being small enough, we have: 


Mt=Mo—2°* aps - 8. 
Hence 

6,=0.—ap3V2 +t. 
Whatever the value of ¢, we have exactly 


Mo 
he =. 
VI+2 > at-> us 
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Hence 
Oy I _ __ Me 
0 VI—2-> at: p He’ 
or 
6 
g = VI-2- atu. 


10. Let us classify the stars of the Milky Way according to their 
masses in groups such as G, and let us suppose that at the time t=o 
equipartition of energy exists between the various groups. Is the 
equipartition preserved at the time ¢? Let us consider two groups 
of stars G and G’. We have 0,=6%. Then 


01— Or _ 


F —2° a(us?—ps)e . (10) 


Thus, equipartition of energy does not exist any more, and the rela- 
tive difference between the energies of two groups of stars increases 
in proportion to the time ¢. 

11. It is well known that if the effect of the variation of the masses 
is to upset the equipartition of energy, that of the passages is to re- 
establish this equipartition. We must now examine to what extent 
the passages may modify 6. 

Let Aé be the variation introduced by the passages in the mean 
kinetic energy of the stars of group G. The effect of the passages 
being to impart to the stars a transverse velocity v defined by v7= 


10! -¢, we have: 


Ad wv 
6, V5 
Or, setting V,.=17 km/sec, 
i 10 4-7 
a ° ; 


Thus the effect of the passages, A0@/0, is greater than the effect of 
the variation of mass, (0;—6;)/6o, if 


psr—p3<4. 
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to 
wn 


12. The mean kinetic energy of the various groups G at the time 
tis then readily found. 

Let 0,=6.(u) be the mean kinetic energy common to all the 
groups at the time o. 

At the time /, the kinetic energy 6,(u) of each group has de- 
creased, owing to the variation of mass, the diminution being 
au, a quantity which differs from one G to another. 

Let 0, be the mean kinetic energy of all groups and g@ the mass 
of the stars for the group where the kinetic energy is precisely 0. 
For the groups G where the mass y, is such that 


at - _? 
mr ~{<Hi<e +t (11) 
which is to say 
ees. doa 
Bo Se 
Ou ¢ 


the passages are nearly sufficient to keep the kinetic energies equal. 
The effect of the passages is indeed to impart to all groups the 
energy 9,, and we have just seen that for masses which satisfy the 
preceding inequalities the effect of the passages prevails over that 
of the variation of mass. It may be seen that for ~=1, for in- 
stance, the interval of variation for yu, is small. 
On the contrary, for masses such that 
I 


eRe 
Ou 


or 


aad I 
Mi> e+ —) 
Ou 


the effect of the passages is insufficient to re-establish the equi- 
partition of energy, since this effect A@/@ is less than (0,—0,)/®;. 
With u=1, for instance, and yw,=10, we have 

6,—90,; Aé 


a - 6@ 
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The curve which represents, at the time /, the relation between yu, 
and @, is then readily found. It is given by Figure 1. 

The equation of this curve could be computed with precision, but 
the computations are long and difficult and are not necessary for the 
application we are considering. 


AN ESTIMATE OF THE AGE OF THE MILKY WAY 
13. If the masses and velocities of the stars were known with 
sufficient accuracy, one might compare the observed curve (y,;, 0;) 














Me 

Fic. 1.—Abscissae: y;, masses of the stars at the time /; ordinates: 0;, mean 

kinetic energies of stars of mass u;. The curve is represented according to the theory. 

If there were no passages, the curve which gives 6; as a function of yu; would be a seg- 

ment of the ellipse (67/63) + 2atu2=1. The effect of the passages is to make the curve 
horizontal for 4;, the mass corresponding to the mean kinetic energy. 


with the curve calculated according to the foregoing theory; and if 
observation and theory were in agreement, one could estimate the 
time / elapsed since the instant when equipartition of energy existed 
in the Milky Way. 

Our knowledge of the masses and velocities is insufficient. How- 
ever, if it is observed that equipartition of energy does exist between 
groups of stars having masses yw and yw’, an upper limit may be in- 
ferred for the age of the Milky Way. 

Indeed, the inequality 


6, — 8; 
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gives 


i<—— (13) 
Li 


14. In order to obtain a numerical result from the preceding con- 
siderations, we are led to compare the kinetic energies of stars of 
various masses. Such an investigation is difficult because we know 
little of the exact values of the stellar masses and because the com- 
putations are very long. I shall use only a few investigations con- 
cerning stellar motions which have been made in recent years: 

a) F. H. Seares‘ estimated the masses of the stars of the dwarf 
sequence by means of data concerning binary stars, and computed 
the mean kinetic energy of 12 groups of dwarf stars of types B3 
to Ma. 

b) W. S. Adams, G. Strémberg, and A. H. Joy’ estimated the 
mean radial velocity p of dwarf and giant stars of types F, G, K, and 
M. As they also give the mean absolute magnitudes of the stars in 
each group, the average mass can be computed by means of the 
mass-luminosity relation. In order to do this, I have determined 
the bolometric absolute magnitudes, adopting for the bolometric 
index of a star of a given type the values given in Table I. From 
this, I derived the corresponding average mass by means of the 
mass-luminosity relation expressed in Table Il. The mean quadratic 
velocity v is the mean value of v= 2.17p and v=1.257. 

c) Strémberg® has calculated the axes of the ellipsoidal distribu- 
tion of the velocities for groups of stars classified according to spec- 
tral type and to H=m-+5 log u+5. The average mass of the stars 
in each group was estimated by means of the mass-luminosity rela- 
tion in Table II. For giants and for B stars the value adopted for 
M,,., was taken from a paper by Strémberg’ upon the distribution of 
the absolute magnitudes of stars brighter than magnitude 6. For 
the dwarf stars I computed the visual absolute magnitude by means 
of the formula established by Gorakh Prasad,* which gives M, as a 
function of H, then the bolometric magnitude, by adopting the 


4 Mt. W. Contr., No. 226, p. 26, 1922. 
8 [bid., No. 210, p. 12, 1921. 7 [bid., No. 442, p. 11, 1932. 
6 Ibid., No. 293, p. 7, 1925. § M.N., 85, 157, 1924. 
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bolometric index given in Table I. The mean quadratic velocity was 
given by v?=a?+0?+c’. 

d) Gerasimovit? estimated the stellar masses, assuming the re- 
versing layers to be in radiative equilibrium and assuming each spec- 
tral line to originate at the same optical depth for all stars of a given 
type. He thus computed the average kinetic energy of the stars of 
types F, G, and K. 





TABLE I 
SPECTRAL TYPE 
| Ao | AS Fo | Fs | Go | Gs | Ko K5 | M 
Eo necg ege st, Ont o 4 o-) 22] es 0.5 bot ws 
M,—Mbol < 
d |} 0.4 Q.1 ° ° ° O.1 0.2 0.4 0.8 
TABLE II 
~— — —— j | 
Mbol . . . | —6 2 i (a ° } 2 1 | 6 8 | io | COS 
log w......| 1.76 | 1.50 | 1.88 | 0.55 | 0.29 | 0.05 | 9.87 | 9.68 19.50] 9.3 


Table III gives the values thus obtained for log wv’. Figure 2 rep- 
resents log uv? as a function of log uw. The dots obtained present a 
noticeable dispersion around the mean value 3.58. But it is to be 
noted that log uv’ does not vary systematically with yu. This may 
be seen by forming mean values of this quantity for stellar groups 
taken from Table III and arranged according to uy. 

15. Before we draw any conclusions from the results of the obser- 
vations, it is to be noted that the methods adopted to determine 
stellar masses in Table III do not give the masses accurately, es- 
pecially for giants. This is particularly the case for masses deter- 
mined from H, M,, M,,), and the mass-luminosity relation. Hence 
it follows that we must expect some uncertainty in our conclusions. 

Let us assume that all the stars of the Milky Way originated at 
one instant when equipartition of energy existed, and let us consider 
the numbers in Table IV as expressing the relation between log u 
and log uv’. 


9 A.N., 227, 145, 1926. 
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According to this table, uv? does not decrease with increasing p. 
Only an upper limit for the age of the Milky Way can therefore be 


deduced from it. It can be considered that uv? remains constant, 
with a relative error «€=0.05, for stars whose masses vary from 


TABLE III 











| | | 

Stars My | No. | Mbol | logz log ut | Reference 
Ma. 9.8 9.77 2 ee | Seares 
K5 7.3 9.79 | 3-53 | Seares 
Ko | Ce! ee 9.83 3-63 | Seares 
dK. 6.2 | 148 5.8 | 9.88 | 3.49 | Adams, etc. 
Gs | 52 9.88 3.66 | Seares 
G 4.8 | a4. | 4-7 | 0-60 3.60 | Adams, etc. 
Go | 4.4| 191 | | 9.99 3.61 | Seares 
K4—-Mo > 3:1 79 | +4.4 ° 3.61 | Strémberg 
F 3.5| 191 | +3.5| 0.10 3.43 | Adams, etc. 
Fo-Fo 5.1<H<14.0 38 +3.3 0.12 3.49 | Stromberg 
Go-G8. 5 Emon <IO.0| IF | +3.1 O86 3.77. | Strémberg 
5 3-3 | 0.19 3.55 | Seares 
Fo-Fo | —1.9<H< 5.0| 398 | +1.6 0.32 4/63 | Strémberg 
Fo 2.4 | ©.40 3.51 | Seares 
Go-G8 H< s | 429 | +0.3 0.50 | 3.57 | Stromberg 
B6—-Ao | —1.9<H< 2.7 | 2 | +0.3 0.50 3.21 | Strémberg 
K 0.8 | 20 | +0.2] 0.53 3.72 | Adams, etc. 
G oa 16 +o.1 0.54 3.69 | Adams, etc. 
F O.1 | 52 +o.1 0.54 3.52 | Adams, etc. 
Go-K3 | H<12 | ° 0.55 3.71 | Strémberg 
As 2%] 0.60 3.55 | Seares 
M | O.1 | 114 | —0.9 0.69 3.76 | Adams, etc. 
A2 roe} °.70 3-57 | Seares 
K4-Kg | B= 3 | 167 | —1.2 0.72 3.86 | Strémberg 
Ao | O.7 |. 0.78 3.56 | Seares 
B8-Bs5 0.4 | 0.81 3,31 | Seares 
Mo-Mg eer | 994 —2.1 0.90 4.05 | Strémberg 
B3.. | — 0.6 | 0.95 3-20 Seares 
Bo-Bs5 —3.9<H< o.1 —2.5 0.97 3.34 Strémberg 
Fo-Fo9 H<— 2.0 86 | —3.0 I.10 3.94 | Strémberg 
B6-Ag... . | a=~ 2 | gm | ~379 1.23 3.77 Stromberg 
Bo-Bs....| H<-—4 | 123 | —4.5 1.40 | 3.72 Strémberg 
ae elet<anss aewe eee oe) 5 ae aged Gerasimovit 
G Date air es | 3.45 | Gerasimovit 
K.. | 3.60 | Gerasimovit 





uw’ =10 to w=o.7. According to section 13, the age of the Milky 
Way is then less than 5-10° years. This result gives the order of 
magnitude only, even if our hypotheses are accepted. 

Adopting, for instance, the exaggerated limits e=o, 1 u’=7, we 
find ¢< 20-10° years. 

We may conclude that since the formation of the stars of the 
Milky Way not more than a few tens of thousands of millions of 
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years have elapsed. This conclusion would not hold if the masses of 
the stars did not vary. But with such a hypothesis it is known 
that it is impossible to account for the radiation of the stars for 
more than a few thousand million years, and the age of the Milky 
Way would still be less than the preceding limit. 














log pv? 
+ 
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| + . | | 
| | 
| | | 
| 
3.0 | i — — 
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« Seares; X Adams and Stromberg; + Strémberg; © mean values 


Frc. 2.—Equipartition of energy in the Milky Way. Abscissae: log u; ordinates: 
log uv. The data of Tables ITI and IV are shown on the diagram. 


TABLE IV 


| 
Limits for log u | og M | Og wv? 
— Tae ian; al a) | x 
ae ee onl 9.88 | 3.58 
og KG.50.4. 2. | O.22 I 
0.50£ {0.99 0.70 | 3.57 
rete Ce taser ees co 1.05 3.62 





If the stars have been formed simultaneously, it is difficult to ad- 
mit that equipartition of energy did not exist at that time, but that 
uv? was then a function of uw such that, as a consequence of the 
variation in the masses of the stars, the equipartition has now be- 
come established accidentally. 

According to Table IV, the mean value of log uv? seems to be 
independent of yw; but it is to be noted that this quantity seems to 
depend on spectral type, as may be seen from Table V. If this re- 
sult is not attributed to systematical errors in the masses depending 








a 
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on the spectral type, we must admit that the B stars and the K and 
M giants were not formed simultaneously from cosmic matter in 
which equipartition existed, since their masses are nearly the same 
and their energies are different. 

On the contrary, it may be admitted that the dwarf sequence, in- 
cluding the B stars, were formed at the same time. For these stars 
uv? decreases with increasing uw, according to formula (10), which 
then gives: /=40-10° years, that is to say a value of the order of a 
few tens of thousands of millions of years for the age of the Milky 
Way. 


TABLE V 
Class Og w | log uv? 
DIM 2s cc cescuss See On | 3-58 
B stars. ..:..... oe Dectn al 1.0 3.42 
K and M giants........ 0.7 3.82 








16. The upper limit we have found for the age of the stars is so 
small that, in so brief a time, the great majority of the stars cannot 
have lost more than a hundredth part of their mass. We must there- 
fore believe that the stars were formed with nearly the same masses 
as they have now, and that the differences in temperature and spec- 
tral type actually observed are due to the fact that the stellar masses 
were already different at the time of their formation. 

An evolution of the stars such as has generally been accepted is, 
then, impossible. Our result is, however, in perfect agreement with 
the theory of the expansion of the universe. G. Lemaitre’? has sug- 
gested a hypothesis for the formation of the extragalactic nebulae 
based upon his theory of the expansion of the universe, according to 
which the age of the Milky Way would not exceed ten thousand 
million years. 

I shall conclude by directing the attention of astronomers to the 
exceptional interest presented by the equipartition of energy in the 
Milky Way. It is to be hoped that researches based on more recent 
data concerning stellar motions and masses will be undertaken. 

OBSERVATOIRE DE PARIS 
October 1935 


0 See, e.g., Bull. Soc. Astr. de France, 49, 159, 1935, and Lecture faite d la Séance 
publique de l’ Académie royale de Belgique, December 15, 1934. 














ABSORPTION AND SPACE REDDENING IN THE 
GALAXY FROM THE COLORS OF 
GLOBULAR CLUSTERS* 


JOEL STEBBINS’ AND A. E. WHITFORD? 


ABSTRACT 


Measures of the colors of 68 globular clusters have been secured with a photoelectric 
cell attached to the 100-inch reflector. The effective wave-lengths of the cell and filters 
used for color index were 4340 and 4670 A, giving the difference Ao—Ko=o™ 4,4 for 
giant stars. For comparison with B stars the color excesses are reduced to the scale 
used for those stars, Ao—Ko=o™74. 

There is a close relation between the color excess and the space absorption, as shown 
by the number of extra-galactic nebulae in the field of a globular cluster. In the fields 
tested, nebulae are present when the color excess E<o™1g; they are absent when 
E>o™20. 

The clusters in high latitudes are of uniform color, corresponding to spectrum about 
F6; they grow redder toward the galactic equator, with maximum redness equal to that 
of an M star near the narrow zone of avoidance (Fig. 2). The absorption is not uniform 
but is spotted in its effect. The greatest observed color excess of a cluster is +o™82, 
corresponding to a photographic space absorption of not less than three magnitudes. 

The differential absorption on our scale from pole to pole is oMo8, from which would 
be inferred a total photographic absorption of about oM25. Comparison of this latter 
value with oMs5o0 found by Hubble, er oM80 by van de Kamp, from counts of nebulae, 
shows that only part of the space absorption is due to Rayleigh scattering. 

The visible system of globular clusters is incomplete; the clusters in the direction of 
the center of the galaxy are probably on the near side of the center. When the dimen- 
sions of the system are corrected for space absorption, the overall diameter of the galaxy 
is not much greater than 30,000 parsecs, which is of the same order as that of the An- 
dromeda Nebula. 


The transparency of space in our galactic system may be tested by 
measures of the light and color of globular clusters, which can be ob- 
served at much greater distances than individual stars. The photo- 
electric cell, when applied to the photometry of the clusters, has the 
advantage of integrating the light effect from a luminous surface; and 
thus the total light or color of a cluster may be compared with that 
of a standard star. In 1932 a preliminary report was made on ob- 
servations obtained at Mount Wilson with a photoelectric cell at- 

* Contributions from the Mount Wilson Observatory, Carnegie Institution of Wash- 
ington, No. 547. 

«Research Associate of the Mount Wilson Observatory, Carnegie Institution of 
Washington. 

2 National Research Fellow, 1933-35. 

3 Stebbins, Mt. Wilson Comm., No. 111; Proc. Nat. Acad., 19, 222, 1933. 
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tached to the roo-inch reflector. It was shown that there was a dis- 
tinct reddening of the globular clusters in low latitudes, which indi- 
cated in some cases a photographic absorption of as much as two or 
even three magnitudes. For clusters whose light has been diminished 
to one-sixteenth of normal by space absorption, the distances in- 
ferred from the apparent magnitudes of their bright stars, or from 
the total light of the clusters, should be divided by four. On the as- 
sumption of a thin uniform layer of absorbing material near the 
plane of the galaxy which reduces the light of objects according to 
the cosecant law, a rough attempt was made to improve the dimen- 
sions in Shapley’s general system of globular clusters. The solution 
gave 10,000 parsecs instead of 16,000 for the distance from the sun 
to the center of the system, a value which will probably turn out to 
be nearer the truth than would be expected from the simple assump- 
tions on which it was based. 

The installation.—The first results on 47 globular clusters were 
derived from observations with the combination of a photoelectric 
cell and Lindemann electrometer which had been developed and used 
at Madison and later transferred to Mount Wilson. In 1933, how- 
ever, the use of the thermionic amplifier in place of the electrometer 
was perfected by Mr. Whitford‘ at Madison; and since 1933 the im- 
proved “photoelectric amplifier,” as we call it, has been used on the 
1oo-inch telescope. 

The details of the installation on the large reflector will be given 
in another paper. All the measures of the present work were made 
at the Newtonian focus, where the cell and amplifying tube are 
mounted in a brass tank attached to the regular plateholder base of 
the Newtonian cage. A metal-covered cable about one hundred feet 
long carries the circuit wires to the control box and galvanometer at 
the base of the north column. The batteries are mounted below, in 
a room inclosed in the great cement pier where the temperature 
changes are small. 

The optical parts for guiding have been the same for both the 
electrometer and the amplifier arrangements. At the focus of the 
large mirror is a circular diaphragm of several millimeters diameter, 
behind which is a sliding prism which reflects the light of a star 


4 Ap. J., 76, 213, 1932. 
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through a suitable lens to a pair of cross-wires in the guiding eye- 
piece. The observer can thus see exactly what object or objects are 
to be measured. When the prism is withdrawn, the light passes 
through to the cell. At 5 cm outside the main focus is a double- 
convex quartz lens which makes the beam parallel, and the star 
image on the photocell is thus about 1 cm in diameter; but when a 
cluster, nebula, or patch of sky is measured with a diaphragm of 
1 cm, the extra-focal image is 2 cm across. As the aperture of the 
quartz lens and the clear opening of the photocell are each 2.5 cm, 
there is plenty of clearance in the optical system. By measuring the 
sky in twilight or moonlight with different focal diaphragms, and by 
measuring stars in different positions off the axis, the cell was found 
to be uniformly sensitive over the surface. Areas of 1-2 cm diameter 
are large enough to smooth out any local irregularities. 

For faint extended objects the allowance for the sky background 
(in all strictness, the foreground) becomes important. In the rate-of- 
drift method with the electrometer it was necessary always to meas- 
ure the blank sky and to subtract the proper correction from the 
measured light of cluster plus sky. In the constant-deflection meth- 
od with the amplifier it is simpler to use the slide motion of the large 
plate base. The object can be placed in or out of the field by giving 
the screw a definite number of turns; the zero reading is on the sky. 
In this manner satisfactory measures of the light and the color of 
clusters or nebulae can be made when the sky effect is as much as 
five or six times that of the object. 

Cell and filters —The same potassium photoelectric cell has been 
used on the 1oo-inch in all the measures of globular clusters. This 
cell, our number QK 31-2, was constructed for us by Dr. Jacob 
Kunz in 1931 and has remained of uniformly excellent quality for 
five years. For measures of the colors of globular clusters a pair of 
blue and yellow filters was selected which give equal deflections at 
about spectral class G. The color-curves of the filters were deter- 
mined in the physics laboratory at Madison with the setup that was 
used for the heavier filters for B stars. The photocell was too pre- 
cious to transport from California to Madison just for calibration, 
but from comparative measures on stars it is known that cell QK 31-2 
has a color sensitivity nearly the same as cell QK 302, the one cali- 
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brated at Madison. Table I gives the color sensitivities of cell 
QK 302, also of the filters used on the globular clusters. The reflect- 
ing power of silver mirrors is taken from the Smithsonian Physical 
































Tables and presumably refers to fresh surfaces. The data in Table I 
are shown graphically in Figure 1. 
TABLE I 
COLOR SENSITIVITIES OF CELL WITH FILTERS 
—————— — i = SS == 
REFLEC- | TRANSMISSION | On REFLECTOR 
, CELL TIONS | 
WaAveE-LENGTH Cia Two 
MIRRORS | 77a GGsb | Clear 774 GGsb 
3300 | 12 10 | 00 | 1.2 | Oenre 
3400 | 15 35 | .28 | 5.2 1.5 
3500 18 meee | 50 9.0 BE caitaes 
3600 I 22 58 | 65 |} 13 Dy i eee 
3700 28 62 75 17 13 
3800 | 36 65 | 80 23 WO | bse sees 
3900 50 68 | 83 | 34 i ee Cee 
4000 | 71 71 83 eo | 5° 42 0.0 
4100 | 112 74 | SI O05 83 67 4.2 
4200 | 168 76 | 77 14 128 99 18 
4300 | 222 78 | 72 27 173 125 47 
4400 es, 80 | 64 45 222 142 100 
4500 298 82 | 55 62 244 134 I51 
4600 | 238 82 | 45 74 195 88 144 
4700 | 160 82 | 35 82 131 46 107 
4800 105 83 25 86 87 22 75 
4900 70 83 | 16 88 | 58 9. 51 
5000 | 51 83 | II 8> | 42 4.6 37 
5100 | 35 84 | 7 90 | 29 2.0 26 
5200 25 84 | 04 go 21 0.8 19 
5300 18 85 02 gI 15 Oo. 3 14 
5400 | 14 .85 Ol 9 12 O.! II 
5500 II 86 oo QI 9.5 0.0 8.6 
5600 | 7 86 g2 Oni Pond ce er e.g 
5700 | 4 86 92 3-4 3.1 
5800 | 2 86 Q2 r.9 1.6 
5900 | ° 86 | Q2 0.0 ° 
| | 
Effective wave- | 
IOHREN «556 acs ohio on, take | | 4480 4340 4670 











The combination of cell and filters with the large reflectors did not 
show much more sensitivity to the violet than did the same combina- 
tion with the 15-inch glass objective, presumably because the sensi- 
tivity of the cell drops off rapidly to the violet of 4500 A. The ab- 
sorption of the small quartz lens in the system has been neglected in 
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Table I; also that of a thin glass window in the vacuum tank for the 
amplifier. Neither of these is as important as the condition of the 
silvered mirrors of the telescope. Most of the observations in the 
present paper were taken before the 1oo-inch mirror was aluminized. 

The effective wave-lengths at the bottom of Table I are given by 
the centroids of the areas under the corresponding curves. A check 
on the color system is furnished by the calculated and observed 
colors of Ao and Ko stars, assumed to be black-body radiators of 
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Fic. 1.—Color-curves of cell and filters 


11,000° and 4ooo°. The value of the relative energy at each wave- 
length was computed from Planck’s law and multiplied in turn by 
the respective sensitivities in the last two columns of the table. The 
sums of these two sets of products were then converted into the cor- 
responding color indices. The discrepancies between the calculated 
and observed values may easily be due to the difference between the 
two photocells, but more probably to errors in the assumed tempera- 
tures, and to the deviations of the stars from true black-body radi- 


ators. 
| Ao | Ko Difference 
; = caicepeigacmaees : ie ee at 
fe ee | II ,000° 4000° Se oe 
Calculated color index............| —o™M2o +o1g oM3g 
Observed color index..... ata ao M +o™17 oMg4 
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The small separation between the effective wave-lengths of the 
two filters on the cell means that the observations must be precise to 
get color measures that are of value. Nevertheless, the combination 
of the potassium cell and these filters is the best that we have found 
for the purpose. Sodium oxide or cesium cells would furnish a much 
greater range of wave-lengths, but for faint objects the utmost sensi- 
tivity and freedom from dark current in a cell are required. The 
color of a diffuse cluster of magnitude 13 is more difficult to measure 
than the total light of a star of magnitude 14 with the 1oo-inch, cor- 
responding to magnitude 10 with a 15-inch telescope. This limit is 
three or four magnitudes fainter than the published measures made 
with red-sensitive photocells. The faintest object we have ever at- 
tempted was a cluster in the Andromeda nebula which gave a photo- 
electric magnitude of 16.1+0.1, but such a measure is an extreme 
case. 

Atmospheric extinction.—The well-known quality of the sky at 
Mount Wilson is such that most of the results of the present paper 
would follow just the same if we should simply ignore the earth’s at- 
mosphere. At Madison there is a constant attempt to measure or 
guess at the absorption factor for a night, but at Mount Wilson any 
such efforts to distinguish between different nights would be futile. 
For photoelectric magnitudes we have adopted the uniform correc- 
tion, 


Total extinction=o™320 sec z. 
od 
For colors observed with the light filters the adopted correction is 
Differential extinction=o™o6 sec z. 


Measures on various nights and a comparison with other filters indi- 
cate that the coefficient of differential extinction is sometimes nearer 
o™os than o™“o6, but for uniformity we have continued to use the 
value first adopted. In any event, the effect of differential extinction 
is small compared with the apparent dispersion in color of the globu- 
lar clusters themselves. 

Color scale.—In the course of the work on globular clusters many 
measures were made on standard stars both for magnitude and 
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color. These stars were also often measured with the heavier filters 
used for the B stars. The adopted scale for the spectral classes is 
given in Table II. 

These values, which are for giant stars, were taken for each class, 
with proper reduction in scale, as the average of the previous value 
used for B stars’ and Seares’s value for giant stars.° 

Standard magnitudes.—As the diaphragms at the focus of the 
100-inch were not large enough to take in all of any but the smallest 
clusters, the measured photoelectric magnitude refers usually to only 
a central region of a cluster. This limitation of the method is un- 


TABLE II 
NORMAL COLORS 





| | 
Spectrum | Color Index | Spectrum Color Index 
Bs | —oM32 {|| Go..... —oMor 
Ao | 27 | Gs + .08 
As We RE 6 od ve rewes + .17 
Fo 16 || Ks +o.30 
Fs —0O.00 | 


avoidable, unless the optical system is reconstructed to admit the 
light from much larger areas of the sky. Either in this manner or by 
transferring the amplifier to a smaller telescope the integrated mag- 
nitudes of the larger and brighter clusters could be measured; but 
because of the increaSed sky effect and the interference of more field 
stars, the colors could not be determined satisfactorily with openings 
much larger than were actually used. Such tests as were made with 
different diaphragms on the same cluster have failed to indicate 
measurable differences in color at different apparent distances from 
the center. The photoelectric magnitudes of the measured portions 
of the clusters were determined and referred to the same system of 
standard stars as was used for the nebulae. The procedure will be 
described in a later communication on magnitudes and colors of 
nebulae. 

The observations.—Sample observations of two globular clusters 
are given in Table III, which shows the method of measurement and 
5 Pub. Washburn Obs., 15, 221, 1934. 

6 Mt. Wilson Contr., No. 226, p. 34; Ap. J., 55, 198, 1922. 
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reduction. These two clusters were very difficult when measured 

with the electrometer, and the results of 1932 have been rejected. 

The new measures with the amplifier are quite satisfactory; the sky 
TABLE III 


OBSERVATIONS OF GLOBULAR CLUSTERS 



































| 
NGC 6426 NGC 6517 
AUGUST 16, 1933 | SEPTEMBER 16, 1933 
| | | 
Pointing | Reading Deflection Pointing Reading Deflection 
—— . = y a, Stn Bia rs 25S 
mm | mm | | mm mm 
Dark 38.5 ! Dark 17.0 a: 
Sc 92.5 54.0 Sc 85.0 68.0 
Cle 127.0 32.8 | Cle | 132.0 45.0 
Se 96.0 | Se oe a eee 
Sy 72.5 . Sy OO: reve atte 
Cly 92.0 18.0 Cly gI.o 30.0 
Sy 7 Le Sy GI. fie. aces 
Sb 74.0 Sb Cee Bee rains. 
Clb 89.5 14.8 Clb 80.0 19.5 
Sb 76.0 | Sb 61.0 
Clb OF.0:) “Re Clb 83.5 21.5 
Sb 79.0 Sb 63.0 
Sy 82.0 Sy Cee = hairs costes 
Cly 99.5 16.5 | €ly 95.0 29.2 
Sy 84.0 Sy GEO fan skecccs 
Sc 109.5 sah) Oe CoO Les tetas 
Cle 141.0 29.8 | Clc 143.0 44.5 
Sc 113.0 56.0 Sc 100.0 67.0 
Dark 57.0 | Dark 33.0 
Clear | Yellow Blue | Clear Yellow Blue 
Deflection........ a5 | r7.2 rs:6 ff 44.8 29.6 20.5 
Te ss 1.496 | 1.236 1.176 | 1.651 1.471 $459 
A log Laks | ©. 260 0.320 | 0.180 0. 339 
A mag. Pires |} 0.65 0.80 0.45 0.85 
B-—Y [tors | I+ 0.40 ee 
Extinction — ot | = OI) bosccveae. 
Color index C,. we Oral | O64) |. . | + 0.30 es Ae 
Magnittde... «is «.becesvdcs | 13.08 vy oa eee 











R=2.4X10" ohm, shunt 1/3, diaphragm 64” 
S=sky, Cl=cluster, c=no filter, y=yellow, b=blue 








effect, which is nearly double the effect from the cluster, was readily 
eliminated by the new procedure of moving the cluster in and out 
of the field. The readings were taken every 45 seconds, making 13.5 
minutes for a set. The drift of the galvanometer was between 1 and 2 
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mm per minute. The 
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Other observations of the colors of these clusters in the same year 
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galvanometer was shunted to one-third sensi- 
ty the deflections would have been larger but 
gain. The reductions are given in the table. 


differ by only o“or in each case. The inferred magnitudes are based 


on several comparison stars. 


From the constants of the circuit on the two nights, it was found 
that under the conditions of measurement 1 mm deflection corre- 


sponded to 1.2X10 


“16 


amperes, and to stellar magnitude 16.8. A 


deflection of 5 mm for magnitude 15 could be measured with a prob- 


able error of less than say 0.5 mm, or 10 per cent. The useful limit 
for colors would have been about magnitude 14. Brighter clusters, 
say of magnitudes ro and 11, were of course much easier than the 


faint ones, and with a lower resistance in the circuit the readings 


could be taken at intervals of 20 seconds instead of 45 seconds. 
The observed magnitudes and colors of 69 globular clusters which 

have been derived in the past four years are given in Table IV. The 

second column gives the year of observation. Measures in 1932 were 


made with the electrometer; those in 1933 and later, with the ampli- 
fier. In one of the next three columns is the photoelectric magnitude 
for the corresponding diaphragm; in some cases the measures were 
repeated with a different diaphragm. In the next two columns are 


the average deviation and number of observations; all measures of 


one night were grouped into one observation. As noted before, the 


magnitudes are for limited central areas of the clusters, and they 


serve principally as indicators of the relative difficulty of the meas- 


ures of cce!or. 


The eighth column gives the color class, which follows from the 
measured color index in the next column and the scale in Table II. 
The ninth column gives the color index C, measured with the filters 
described in Table I. The average deviation and the number of ob- 
servations are counted in the same fashion as for the magnitudes. 
The values of C, have been corrected for small seasonal errors which 


depend upon the state of the mirrors of the telescope and probably 
also upon a progressive change in color sensitivity of the photocell. 


The following corrections to the measured values of C, were deter- 
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TABLE IV 


COLOR OF GLOBULAR CLUSTERS 























. | a | 
| | | | | | | 
| Pe MAGNITUDE | | | | } 
—__—_—_——_| ICo 
om oe , . LOR! COLOR | | on . 
| E 1} A.D. | No. [A .D. No a b E 
oe | Year ” ” 277 | AAI | No Crass | INDEX | A ‘a | 
42 64 128” | C, | } 
| | } | 
(1) | (2) (3) | (4) | Gs) | (© | () (8) | (9) (re) | (11)} (12) (13) (14) 
a | 
| 1900 + | ee | ° 35° M 
288 i 3s ; 10.56| +oMo2 2 {6 —oMo8| +oMo3}] 2 [203°3| —8o0°%2 oMoo 
2419 32 } 12.10 } I | ag - 17 | 3 47.2) 45:4) — -85 
4147 32, 34 | 11.25 o2| 2 f6 — .07 oo} 2 |218.6| +78.1] + .02 
5024 32,32 | 9.66 | O2 | 2 f6 — .08| ol 2 1304.9 +80.2 fore) 
5053 32 12.50 I } 307 +} 79-3) 
5272 33 8.48 fore) 2 ie) 5 o2 2 13.2] +78 ,| + .05 
5406 | 32 Il .27 Or} 2 f8 - .05 03 2 | 11.9| +73.0] + .05 
5634 | 32,34 | 10.60 O4 2 /6 07 O4 2 1310.5] +49.6] + .02 
5604 | ae 11.06 O2 2 /O O7 o2 2 {298.7 +30.9| + .02 
5824 , } See 4 9.85 06 2 {8 - .05] 02 2 |300.1| +22.6] + .05 
5897 33 10.71 I ‘8 — .05 : r |310.7| +30.7| + .0o5 
5904 ) 49.34 | 8.33 04 2 {8 - .05 .O1| 2 |332.1| +46.8] + .05 
5986 33, 34 0.53 I fo - .02 Or} 2 |304.4] +13.8] + .10 
6093 33,34 8.76 05 2 fg 02 or| 2 |320.2| +19.7| + .10 
6121 32,33 9.890! 8.69 OI 2 £3 + 05 02] 2 |318.4] +16.1] + .22 
| | 
| | | 
6139 33,34 |11.62}/10.98 04] 2,1 g9 15 06 3 |3090.6| + 7.4] + .39 
6144 32, 34 10.97 07 2 gt + OI} OI 2 1359.31 +TES-01 + -3S 
6171 33, 34 II.31 } 14 2 ko t 18 02 2 |331.0] +23.0|] + .44 
6205 33, 34 7 59) 15 2 fg 03 | 2 26.8} +40.0] + .08 
6218 32,34 | 10.138} g. 26 I, I gl ore) fe) 2 1343.4] +26.1] + .13 
6229 33,34 |10.74|10.29 | rf {8 —- .04 00} 2] 41.1] +390 4 | + .07 
0235 33,34 II.79 02 2 | g 00 05 2 1326.3] +13 nd + .13 
625 52.33 9.590 2 2 g2 + .03 fore) 2 |342.7| +23.0] + .19 
6266 53; 36) | 8.75 02 3 | gs + .08| 02} 3 |320.90| + 7 S| — .2 
0273 33, 34 9:29 oz} 2 | 83 t .04 00} 2 /324.2] + 9.5] + .20 
| | | | 
| | | | 
6284 33,34 10.63 | Ol 2 grt | 00 02 2 1325.2] +10.1] + .13 
6287 23,34 | II.39 06 a 2 + .12 O2| &@ [927.51 *FEr.4) 7 34 
6203 32, 34 10.08 18 3 go ol 03 3 /325.0] + 7.9] + -32 
6304 32, 33 10. 39 06} 2 ko f .18 03| 2 [323.3] + 5.5] F -44 
6316 32, 34 Ir.12 } 06) 3 £9 t 15 O4 3 /324.4| + 5.9} +, «30 
| | | 
6325 32, 33 : 12.86 og 5 Mae) + 16 05 3 1328.3 + 8 I | + .40 
6333 32, 34 9.75 06] 2 £4 t .06 O02] 2 |332.9) +I0.7) TF .24 
6341 33,34 | 8.22) 7.55 1,3 fs 09 or] 2] 35.8] +33.9] — .02 
6342 32, 34 II .Q2 06 2 ko + 18 00 2 1332.21 + @O.71 + -44 
6356 32,34 | 10.17 | 10 2 7 r .¥1 CO} 2 |334.1}] 10.2] + .32 
| 
6366 32, 3,4 12.42 13 3 k3 + .25 o7/| 3 [345-9] +35.8] + .55 
6402 ye 10.82 12 2 £7 t I 02} 2 |348.8) +14.5| + .32 
6426 32, 3,4 /14.04]13.05 o2/ 1,3 g6 rT .04 00 2 1355.6] +15.8| + .20 
6440 | 32,34 |12.13)11.77 03} 3,2 | m tT -37] 08] 4 |335.0} + 3.7] + -76 
0441....| 32,34 | 8.96 08 3 g8 t .14] 03| 3 |320.6] — 4.8] + .37 
| | | | 
| | | | > > i 
6453 | 32,34 |11.90 | 14| 4 g6 r .10 05 4 [322.8] — 3.8] + .30 
6517 | 32,33 |13.29|12.80 09 ks + .30 00} 2 |346.5| + 6.5] + .64 
6522 32,34 | 10.49 | 18 28 + 14] 02 S 326,81 = 3:9) FF «SF 
6528 | 32,34 | 11.51 | 20 k2 + .22] 02 a (390.5) = 4-4) 350 
6535 | 32 | 12.46 fore) gt 00 | 06 2 1354.5] +10 Oo} + .13 
| | | | | | 
| | | | > Fi oa 
6539 | 32,3,4|14.19]13. 21 } 06] 1,4 m + 41 | 09] 3 1348.1] + 6.5] + .82 
| | } a 
6553 | 32,34 | II .07 ail 10 3 | m tT .30 03] 3 1332-4] — 3-1] T -74 
6569 | 32,34 | 10.89 03; 2 | go 8S] 02} 2 |327.6) — 6.6] + .39 
6024 33,34 | -| 9.66 03 2 i gs t 07 | oni 2 6.01 =~ 7.01 + 25 
6626 | 32 9.09 08 a | g6 | + .09 or | 2 1334.9] — 5 6| + .29 
| | | | | | | 
| | } | } } A 
6637 | 32,34 | 0.53 | | 3 | &7 + .12| 03 | 3 |328.7 | —10 2| - sg6 
6638 32 10.43 +o0.08| 2 g4 + >6 | 02] 2 1335 o|} — 7.21 + .24 
6652 | 33,34 |to 8o0}10.19 | :.3 £3 +0.05 £0.04} 2 325.0/ —II.4] -O.22 
| | | | | | | 
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TABLE IV—Continued 
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(1) |} (2) (3) (4) | (5) (6) (7) | (8) (9) (10) | (11)! (12) | (13) (14) 
| 1900+ | } | | | | 
6656 32, 34 | 9.37] 7-93] toMo8| 1,2 | g2 | +oMo3/ +oMor| 2 |336°9| — 7°96] +oM19 
6681 33, 34 9.48 O5 2 | — .04] ” 2 Qo| —12.5| + 
| | | } | | | | 
| | | | | | 
O7i2....-1 33,34 10.83 04; 3 | 87 | — -Er| .03| 3 |352-5| — 4.7| + 
0715 33,34 | 8.73 02 a | SE ih ate Os OO} 2 /332.6] —14.1] + 
6723.. 33,34 | 9.46| 8.67 Pe ae ies a em 02 2 |326.9|] —17.2] + .03 
6760 | 32,3,4 IIT.Q5 | 02 | 3 | 5 + .30 08 4 3-5) — 4-4 + .04 
’ 6779....| 32 110. 36 | 06; 2 | f8 Nig 04 | 02 2 29.8] + 7.5 rT .O7 
| | | | | 
| | | | | 
68090. . 32,34 | > | | in (ae 2 | — -09| Goll 2 1335.6] —23 Boe 2 
6864....] 32 90.54 13 3 | Bt + .or| ol 3 |347.0] —26.0] + 
6034 | 32 |10.55/10.17].. 06] 2,1 | f8 | — .04] o2| 3 | 19.1| —19.6] + .07 
6981 | 32,33 | II. 10] via | f8 | — .04] fore) 2| 1.8] —33 Rie 3 
7006. . 32 11.61 14 a eel fear 3 04 1 30.8] —20.3} + .02 
| | | } | | 
7078. i 32 8 63] 8.03! 7.38 04 | 2,3,1 | f6 | 708 or] 3 $2.0) —20.2) fore) 
7089... 32 | 8 84] 8.28) 7.61 Sit i3) 327 | 06} o2| 3 19.0) — 30.0) -F .03 
7000. . 32 | 9.48] 9.02 O51 42 | Ja | = itt Of) 2 1383.3] 47.2] — .O5 
7492 | 32,35 | } 12.40} $0.04} 3 a5 | —0.2 +0.03} 3] 19 2] —64.2| —o 





NOTES ON TABLE IV 
NGC 2419 Only one observation, but apparently good. 
5053 Too faint and diffuse for measurement of color. 
6809 Magnitudes 8.7 and 9.6. Probably a mistake in record of 
diaphragm or shunt. 
7492 The outstanding blue color of this cluster is apparently real. 


mined from observations of the same standard stars and clusters in 
different years: 
1932....0“00, 1933....—oMoz, 1934....—0Mo5, 10935....-+-oMos. 


The jump between 1934 and 1935 was due to the aluminizing of the 
mirrors of the 1oo-inch telescope. 

In the twelfth and thirteenth columns are the galactic co-ordi- 
nates, / and b, taken from the Vatican tables, which are based on 
Newcomb’s pole, R.A. =12"44™4, Decl. = + 26°8 (1900). 

The last column gives the color excess E, which has been reduced 
to the color system C, of the heavier filters used for the B stars. The 
ratio of the two color scales is C,/C, =0.74/0.44 =1.682. The average 
color of a cluster near the pole of the galaxy is taken as C, = —o™o8. 
The value of E is then given by the relation 


f= 1 .682(C,+0Mo8) . (1) 
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The normal colors for B stars were likewise found from the average 
colors in high latitudes, but a bright B star in high latitude may be 
immersed in the hypothetical thin layer of absorbing material within 
a hundred parsecs or so of the plane of the galaxy, whereas a globular 
cluster in the same direction will probably be quite outside such a 
layer. Neverthless, since the maximum selective absorption toward 
the galactic pole probably does not exceed o™o37 on the scale of C,, 
it is convenient to adopt the foregoing expression for E and treat the 
clusters as very distant B stars. 

The precision of the results is indicated by the following probable 


errors: 

Limits of magnitude....... F . 7-10 IO-12 12-13 
Probable error of one observation for magnitude toMo64 | +o0Mo88 | +o0™Mo6g 
Probable error of one observation for color toMor7 | +oMo35 | toMosg 


The errors of the magnitudes are nearly independent of brightness, 
but the colors are increasingly discordant for fainter clusters. As 
there are two or three observations for each cluster, the probable 
error of a mean color index ranges from about +o™or to +o™oq. 
Relation of colors to character of fields —Perhaps the first and easiest 
test to apply to the colors of the globular clusters is to see how the 
colors are correlated with the number of nebulae or the richness of 
the star fields in the region of the clusters. Dr. Baade has kindly ex- 
amined his available plates, taken with the large reflectors, and has 
noted for each cluster the character of the field both for nebulae and for 
stars. In a general way he has taken into account the latitude effect; 
the nebulae decrease and the stars increase from the pole toward the 
galactic equator. In Table V the clusters are arranged in the order of 
color excess, and the fields are divided into three classes for both 
nebulae and stars. For the nebulae, “normal’’ means that Baade 
estimates that the number of nebulae is about as expected with a 
rough allowance for absorption according to the cosecant law. ‘Less 
than normal” means that there is local obscuration. Similarly for 
the stars, the rich star fields of the Milky Way are marked as “‘nor- 


7 Mt. Wilson Comm., No. 111, p. 2; Proc. Nat. Acad., 19, 223, 1933. 
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TABLE V 
RELATION OF COLORS TO CHARACTER OF FIELDS 


NUMBER OF NEBULAE 


E | 
tee Less than 
| Normal ~ ae 
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— .15 x 
— .0o5 | x 
— .0o2 | xX 
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02 | x 
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o2 | x 
102) ||] x 
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mal”’; “partially obscured” and “heavily obscured” represent de- 
grees of scarcity of stars in fields in low latitude. 

The close correlation of the colors with the numbers of nebulae is 
striking. For all values of £ less than +o™1o the nebulae are marked 
as normal, but when £ is greater than +o0™20 there are no nebulae on 
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Fic. 2.—Colors of globular clusters 


the plates. The break is more sudden if we count simply the presence 
or absence of nebulae. When E is less than +o0™19, there are nebulae 
on the plates; when E£ is greater than +0™20, no nebulae are found. 
Perhaps longer exposures and a careful search in the regions where E 
is near +o™20 would bring out some faint nebulae, since we should 
scarcely expect complete extinction where the selective absorption 
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is so small, unless indeed the cluster is immersed in the dark material 
and there is further absorption beyond. 

The relation of the colored clusters to the star fields is not so defi- 
nite. There may be rich star clouds in the foreground which conceal 
the presence of more distant absorbing regions; but whenever there 
is heavy nearby obscuration, as evidenced by scarcity of stars in low 
latitude, the globular clusters are strongly colored. 

The quick transition in Table V from presence to absence of 
nebulae indicates that there are probably no large errors in the ob- 
servations, and also that the dispersion in color of the clusters them- 








TABLE VI 
NGC | I | b E 
1 a a a | 203? | —89° | —oMoo 
BOOK. << 538 teeeeel 195 | —29 | 
1 one eee 213 | —I5 
OS SA eee an ee 1447. | +25 — .15 
OE Oe e rae | 219 | «= +78 +o0.02 
4590... seer seen eee! 267 | +37 ie 
| 





selves is small. The only obvious cases of anomalous color are the 
two clusters at the top of the table, NGC 7492 and 2419; there may 
be others down the list which are hidden in the sequence. 

The general system of globular clusters —The globular clusters are 
charted in galactic co-ordinates in Figure 2. There are six other 
recognized globular clusters north of declination — 40° which are not 
in the figure; they are given in Table VI. All are in latitude 15° or 
higher; three were observed and found to have little or no color ex- 
cess, the others are probably likewise normal in color. 

The concentration of the clusters near longitude 330° and near the 
zone of avoidance along the line of the galactic equator is well 
known; the strongly reddened clusters emphasize this apparent dis- 
tribution. As in the case of the B stars, the irregular outlines of Hub- 
ble’s zone of avoidance of the nebulae also mark roughly the limits of 
the reddened clusters, particularly within the bulge of Hubble’s zone 
about the center of the galaxy. The limits are not sharp and definite; 
there are a few nebulae here and there within the zone. The slightly 
reddened cluster at / = 347°, b= — 26°, is NGC 6864, for which the ob- 
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servations are accordant. There are other slight anomalies, but no 
matter what the physical interpretation, it is possible to arrange the 
clusters in a self-consistent diagram. The outer clusters are of uni- 
form color, corresponding to spectrum about F6; they grow redder 
toward the galactic equator, with colors equal to that of an M star 
near the narrow zone of avoidance. 

The relation of the globular clusters to the star clouds and ob- 
scured areas of the Milky Way is shown in Plate IV. The mosaic of 
photographs by Ross gives a general picture of the system which can 
be had in no other way. To avoid blotting out the stars, the clusters 
are represented by open circles, the larger the circle the redder the 
cluster. Each cluster has been identified first on a chart in Ross’s 
Atlas, then on the mosaic, where it is the exact center of the corre- 
sponding circle. As was shown in Table V, the reddest clusters may 
or may not be located in heavily obscured areas; there may be rich 
star clouds in front of absorbing regions, which are in turn on this 
side of the clusters. The fundamental zone of avoidance along the 
plane of the galaxy is marked by many dark patches, but there are 
still many stars in the foreground. 

If the cluster NGC 6440 at/ = 335°0,b = +3°7, marks the northern 
edge, then the zone of avoidance is 6°8 wide. We think it more prob- 
able that this cluster is actually a foreground object, between us and 
the main absorbing region, in which case the zone becomes 8° 5 wide 
between the limiting clusters, NGC 6304 and 6553. Incidentally, 
the median line would then be 1° 2 north of the galactic equator fixed 
by Newcomb’s pole, which we have used, and 0°25 south of the 
equator of the Harvard system with its pole at 12'40™, +28%o 
(1900). We can scarcely fix the fundamental plane of the galaxy by 
the positions of two globular clusters, but we can come close to it 
until some new cluster is found. 

It is fair to assume that the nucleus about the center of the system 
is marked by the group of some 26 clusters near longitude 330°, 13 on 
each side of the equator. By simply taking the centroid of the /’s and 
b’s of this group we find 


Newcomb’s pole......... 328°6 +1°0 
Harvard pole. .......... 329.2 —0.5 
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This position of the center is probably as good as can be derived from 
the entire visible system of globular clusters, for there are no doubt 
dozens, if not scores, of hidden or undiscovered clusters, and the in- 
clusion of only a few additional objects would make a marked change 
in the calculated center. Edmondson,°* from a study of the radial 
velocities of the globular clusters, concludes that the clusters which 
we see do not constitute half of the total number of the system. 

There is now no doubt that Shapley’s first distances of clusters 
must be corrected for absorption. In making the corrections the 
natural sequence of assumptions is (a) transparent space, (}) uni- 
form absorption according to the cosecant law, (c) irregular absorp- 
tion measured by individual colors of clusters. On the assumption 
that the absorption varies according to the cosecant law, we have 
for the optical thickness of the layer, or total photographic absorp- 
tion from pole to pole, Hubble’s® value of o“s5o0, determined from the 
counts of nebulae. The formula for the correction factor f to be ap- 
plied to Shapley’s distances becomes 


log f= —o.05 cosec |bI. (2) 


Corrections on this basis have been made by Baade,”° and the result- 
ing form and dimensions of the general system are shown in his 
paper. 

As a test of the plausibility of this improved system we have di- 
vided the clusters into two groups, according to their distances from 
the galactic plane, and have computed the distance to the centroid of 
each group: 


For |Z|>3.0 kpc, 46 clusters give X=+8.2 kpc, 


For |Z|=3.0 kpc, 46 clusters give X¥=+7.6 kpc. 


The agreement between the two centers is close enough; a couple of 
undiscovered clusters at 10 or 15 kpc beyond the nucleus would move 
the center of either group by a whole kiloparsec farther from the sun. 


* MS 5 BS T1085. 
9 Mt. Wilson Contr., No. 485, p. 44; Ap. J., 79, 51, 1934. 
10 Mt, Wilson Contr., No. 529; Ap. J., 82, 396, 1935. 
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In Shapley’s original system the division into groups at |Z| = 4.8 kpc 


gives X =18.5 and 14.3 kpc, respectively 

We are far enough from the center of the galaxy to see for our- 
selves the central condensation of clusters, as shown in Figure 2. 
The clusters in that direction comprise about a fourth of the total 
visible number, and surely it is more probable that they are grouped 
together than that they are strung out radially from the sun. There- 
fore, a chart of this group in space will give a test of the plausibility 
of their inferred distribution. Baade used approximately Hubble’s 
value of the optical thickness of o™“50 for the absorbing layer, which 
is an average for all longitudes; but for this test of the group toward 
the center we have used van de Kamp’s value of o™8o for the optical 
thickness, which gives 


log f= —o.08 cosec |b} | 


R,=/R fo (3) 


where R is the original and R, the corrected distance. We also used 
his revision of Shapley’s distances, which omits the estimates based 
on apparent diameters. In effect, we have simply taken van de 
Kamp’s co-ordinates for the clusters near the center and have charted 
them in Figure 3a. 

The co-ordinates as corrected by means of equation (3) are in 
Table VII. In the second column the galactic latitude } is on the 
Harvard system, used by van de Kamp. The third and fourth col- 
umns give the uncorrected R and the corrected R,, respectively; all 
distances are in kiloparsecs. Cases which seem to be relatively un- 
certain are marked with colons (:). In the next three columns _X,, 
Y,, and Z, have been taken from Shapley’s" X, Y, Z, each reduced 
in the ratio of R, to Shapley’s R. The co-ordinates in the last four 
columns are the values derived subsequently from equation (10). 

Other considerations, especially the distribution of colored B 
stars, have convinced us that the simple assumption of a uniform 
layer of absorbing material near the plane of the galaxy will not suf- 
fice. It may be convenient to conceive of a model of the galaxy with 


™ Star Clusters, pp. 173 and 225. 
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such a distribution of dark material; but at least there should be a 
dependence upon the longitude, presumably with the greatest ab- 
sorption toward the center. We have attempted to take the spotted 
nature of the effect into account by using the color of each cluster in- 
stead of the cosecant law as a guide to the amount of absorption in 


TABLE VII 


CO-ORDINATES OF CLUSTERS NEAR THE CENTER OF THE GALAXY 

















NG( | b R Ry m1 Fi Zi R2 Xa Ys | & 
I | ) (3) 4) (5 6 7) | (8) (9) (10) | (11) 
| | | | = 
| | } 
6235 l+12°1| 29.9 | 13.6 |+13.3] 0.0] 2.8) 16.4 |+16.1 0.0} +3.4 
6266 i+ 6.0} 18.7 | 3.2 3.1] —0.3] +0.4] 5.4 5.3} —0.5| +0.7 
6273 |4 8.o] 16.1 4.4 4.2} —o.2] +0.7] 6.4 | 6.3] —0.3) +1.0 
6284 |+ 8.6] 28.6 8.3 | 8.2 o.1] +1 Zi 3S.7 rs .5; 0 3| +2.5 
6287 + 9.6] 37.2 | 12.3] 12.1] +0.2| +2.2] 7.8 7.6} +o.1| +1.4 
6293 + 6.5] 28.8 5.7 5.6] —o.2| +0.7] 16.6 16.4| —o.6| +2.0 
6304 + 4.0} 29.4 2.3 2.1] —0.1] +0.2| 3.9 | 3.9] —0.3) --0:3 
6316 + 4.4] 39.6 2.6 3.6] —o.1| +0.3]) 6.6 6.5| —o 2| +0.6 
6325 + 6.6] 60.3:] 12.1 12.1] +o.1] +1.3| 9.6 9-6) -FO.1) -FE.¢ 
6333 i+ 9.3] 20.8 | 6.7 6.5} +0.7] +1.2| 6.9 6.7| +0.7] +1.2 
6342 i+ 8.3] 55.0:] 15.3 15.0] +1.6| +2.1| 7.2 7.0) +0.7| +1.0 
6356 + 8.8} 50.-:] 15.0 14.5| +1.8) +2.3] 11.5 11.2} +1.4| +1.8 
6440 + 2.3] 53.0:| 0.6] 0.6) +o0.1] 0.0] 1.6 1.6] +0.2| +0.1 
6441 — 6.4): 27.42) §.F ey 0.0] —0.5| 5.0] 5.0 6:0) —6.§ 
6453 — 5.3] 50.1:| 6.9 6.9] —o.1] —0.7| 12.6 | 12.6] —o.1] —1.2 
6522 — 5.3} 40.6:| 5.6 5.6] +o.1] —0.5| 7.4] 7.4) +o | —O.7 
6528 — 5.6) §5.5:| 8.5 8.5] +o.2) —0.7] 5.6] 5.6) +o.2) —o.5 
6553 — 4.5] 29.0: 2.8 275 -FO-3I O.2} 1.0 1.0} +o r| —o.I 
6569 — 8.1] 34.0 Q.2 Q.1I| +0.2 Ea) -s.6 5.5} +0.1| —o0.7 
6624 — 9.4] 24.4 | 7.9 7-971 $0.4) —¥.4) 7-9 7.5| +0.4] —1.3 
6626 7.01 170 a5 3.6] +0.5| —0o.4] 4.5 4-4) +o.6) —o-5 
6637 —II.7] 20.1 8.1 8.0] +0 3 1.6] 4.2 4.1| +o.1| —o.8 
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6681 |-13 g| 20.1 90.3 ‘ 0 r| +o0.5| —2.2|] 14.6 |+14.2]| +0.8) —3 
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any direction. This procedure involves the assumption that the 
ratio of the selective to the general absorption is constant, that the 
relative proportion of the light-scattering particles and the light- 
obstructing particles is the same throughout the space considered. 

The first solution for the dependence of the colors upon the lati- 
tudes of the globular clusters gave the relation’ 


C,= —o“081+0"0237 cosec |d| . (4) 
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This formula indicates a selective absorption from pole to pole of 
2X 00237 =0™0474, which, multiplied by 1.682, gives the round 
figure o“o8 on the scale of E. This last value could be improved by 
the inclusion of data from additional clusters; but the cosecant law is 
only a rough approximation. If the cosecant law represented the 
absorption closely, we should have at once the ratio of our selective 
absorption, o“o8 pole to pole, to Hubble’s o“so total photographic 
absorption, or to van de Kamp’s” 0™8, both from counts of nebulae. 
The difficulty with such a comparison is that the computed selective 
absorption is fixed largely by the clusters in low latitudes where there 
are no nebulae visible, while the counts of nebulae are made in mod- 
erate to high latitudes. Moreover, Hubble’s value is a mean for all 
longitudes; and we may expect a larger value, possibly as much as 
o™8, for the photographic optical thickness of the absorbing layer in 
the region between the sun and the galactic center. We have, then, 
0.08/0.8, or roughly 1:10, for the ratio of our selective absorption 
on the scale of E to the total photographic absorption. 

We have found in a comparison with the North Polar Sequence 
that the factor 1.6 is required to reduce our color scale of E to that 
of C, international photographic minus photovisual. If we assume, 
following the old rule for extinction in the earth’s atmosphere, that 
the photographic absorption is twice the visual, then the color ex- 
cess or differential absorption on the scale of C is just half of the 
total photographic absorption. We have, therefore, 21.6 E= 
3.2 Eas the plausible photographic absorption due to selective scat- 
tering for a cluster of measured color excess E. 

Or we may proceed in a different way: As shown in Table I, the 
effective wave-lengths of the two filters combined with the cell are 
4670 and 4340 A. The effective wave-length of Eastman 40 plates, 
computed in the same way from data given by Mees,” allowing for 
two reflections from silver, is 4250 A. These computations are for an 
equal-energy spectrum. The slight variations in effective wave- 
length for stars of different color temperature, with radiation-curves 
modified more or less by space reddening, are neglected in this dis- 

2 A.J., 42, 97, 1932; 161, 1933. Van de Kamp derived o™8 from the Harvard sur- 
vey, 1“4 from Mount Wilson selected areas; he adopts o“8 as more probable. 


13 J. Opt. Soc. Amer., 21, 753, 1931. 
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cussion. Let J,,, Jy, and J, represent the observed intensities with 
the photographic plate, with the cell and yellow filter, and with the 
cell and blue filter, respectively. Let /},, J}, and J} represent the 
same intensities prior to reduction by selective scattering in inter- 
stellar space. Then we have 


Ine / 
2.5 log ro p= —ihie ? (5) 
|e . 
2.5 logio Lt a, ee (6) 
E A 
Ty 
2.5 log ro p= ih," ’ (7) 


where ¢ is proportional to the optical path in that part of the inter- 
stellar material which scatters according to the Rayleigh law. Sub- 
tracting (7) from (6), we have 


9.5 Witte ae 2.5 logie s = —t(rA,*—A,*) . (8) 
Tp Ih, : 
The terms on the left-hand side of the equation are seen to be the 
observed color index and the normal color index, respectively; and 
their difference therefore represents the color excess. Equation (5) 
gives simply the photographic absorption in magnitudes due to selec- 
tive scattering. We find, therefore, from (5) and (8): 


Photographic absorption _ MS 4agom# ” 
ae eee \p*—A;y* 434074— 467074 ate 





This result applies when the color excess is expressed on the scale of 
C,. When converted to the scale of E, the photographic absorption 
would be 4.29/1.6=2.7 E, in fair agreement with the result by the 
other method. 

We must conclude, then, that the value 1o E for the total photo- 
graphic absorption, derived from counts of nebulae, is three or four 
times the absorption we might infer from the reddening alone. Some 
such result as this is to be expected, otherwise faint stars in the ob- 
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scured areas in the Milky Way would be much redder than they are 
found to be. In a discussion of the total amount of interstellar mat- 
ter which causes space reddening it is necessary, in order to avoid an 
impossibly large mass, to suppose that the scattering material is com- 
posed largely of solid particles rather than gas molecules. It would 
indeed be surprising if some of the particles were not too large to 
scatter according to the Rayleigh law, and therefore merely obscure 
without reddening. Further evidence for the existence of non-selec- 
tive absorption is found in the case of extra-galactic nebulae in re- 
gions where the nebular counts indicate heavy absorption but where 
the colors of the nebulae are not very much affected. 

The uncorrected distance R of a globular cluster with distance 
modulus m— WM is given by 


5 log R=m—M-+5 ; 


and the corrected distance R, when the absorption is 10 E, is given 
by 
5 log R.=m—10 E—M-+5. 


We have, then, for f the correction factor, 
: R, , 
log f= log R72 08: (10) 


The distances of the 26 clusters near the galactic center have been 
revised by means of equation (10); the resulting co-ordinates are in 
the last four columns of Table VII, and the clusters are shown in 
Figure 30. 

Since the average absorption has been taken as about the same, 
we should expect the groups in Figures 3a and 3) to have comparable 
overall dimensions, which is the case. However, there is not much 
that is convincing in either system; the clusters are drawn out along 
the X-axis instead of being condensed about a center. The distances 
are probably still subject to large errors. Apparently, the proper 
corrections cannot be made either from the cosecant law or from the 
colors, or else the original uncorrected distances are uncertain. 
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It may be noted that the distances for this group near the center 
are among the weakest in the entire system of globular clusters. The 
bases of Shapley’s estimated distances of the 26 clusters were as fol- 
lows: 

From variable stars and bright stars eRe 2 
From bright stars 5 
From total magnitudes and diameters 15 
From total magnitudes 4 


When the diameters are disregarded, there are 19 clusters with dis- 
tances based on total magnitudes alone; no individual stars were 
measured in any of them, and they are distributed over ten of Shap- 
ley’s twelve classes of relative concentration. Moreover, about half 
of these clusters are fainter than tenth magnitude, which means that 
the distance modulus must be extrapolated from the calibration- 
curve. The effect of space absorption is to make these important 
objects faint and difficult to study. 

It is unlikely that the apparent diameter of any obscured globular 
cluster will contribute much toward the determination of its dis- 
tance. The contraction of the apparent diameter by space absorp- 
tion presumably depends upon how much the cluster is condensed 
toward the center. The effect of absorption can be simulated by 
long and short exposures for photographs of the same cluster. In the 
latest work by Shapley and Sayer" on the angular diameters of 
globular clusters, the correction factors for the revision of diameters, 
previously used for estimates of distances, range from 1.3 to 10, an 
indication of the difficulties involved in measuring consistently so 
indefinite a thing as the diameter of a globular cluster. It seems best, 
therefore, to follow van de Kamp and use only the strictly photo- 
metric data for the derivation of distances. 

The effect of errors in the measured colors on the corrected dis- 
tances in Figure 3b may be traced as follows: For the 26 clusters the 
probable error of one color index C, from the mean of two observa- 
tions is --0™“o23, which corresponds to +o™o4 in E, +0.08 in log R, 
and +20 per cent in R. Roughly a deviation of o“or or 1 per cent 


14 Proc. Nat. Acad., 21, 593, 1935. 
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in the measured color corresponds to 8 per cent in the derived dis- 
tance; and it would be strange, indeed, if the integrated colors of 
clusters which look so strikingly different at the telescope do not dif- 
fer by several hundredths of a magnitude. Even so, the assumption 
of equal intrinsic colors for all clusters does not seem to us as far 
fetched as the assumption that any considerable number of clusters 
have the same total light and the same linear diameter, no matter 
how many stars they contain. 

If any new globular clusters should be discovered near the galactic 
center, their magnitudes and colors could no doubt be measured with 
the present equipment; but the clusters would probably be in rich 


TABLE VIII 


Photographic Distance F 
; a ; Basis 
Optical Thickness to Center 
oMo 16.4 kpc | Shapley, original moduli 
0.32 ; 10.0 From colors of globular clusters 
0.50 8.0 From Hubble’s counts of nebulae 
0.8 525 Van de Kamp, from Harvard counts of nebulae 











star fields, and it would be best to get data on individual stars, 
preferably variables, which could be identified as belonging to the 
clusters. Such stars would be of the seventeenth or eighteenth mag- 
nitude and would be too faint for a photocell on the too-inch re- 
flector. With the 200-inch telescope they might be reached, but the 
measures would be tedious. Probably the best procedure would be to 
use the cell to establish faint standards among the field stars of a 
cluster, and let the detailed work on the variables be done by photog- 
raphy. 

The values of the distance to the center of the system of globular 
clusters derived from different assumed values of the optical thick- 
ness of the absorbing layer from pole to pole are summarized in Table 
VIII. The different results are not strictly comparable, as there were 
revisions or omissions of data for individual clusters in the later de- 
terminations; but the general effect of different optical thicknesses of 
a uniform layer is shown. All three of the revised systems agree in 
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placing most of the clusters within a sphere of 15,000-20,000 parsecs 
in radius. A better revision of the general system might be made on 
the basis of the individual colors, but we have not the colors of clus- 
ters south of declination —4o°. 

Any picture of the system is necessarily incomplete without the 
clusters in the zone of avoidance; and to us it seems probable that the 
clusters in the central group, Figure 3), are mostly on the side of the 
center toward the sun. If, then, clusters extend beyond the center 
and some of them lie outside the main region of absorption, we ought 
to find extra-galactic nebulae in the same fields; but this is not the 
case. The nebulae are blotted out, but the light of the clusters 
comes through. The center of the system can still be at a distance of 
the order of 10 kpc, without requiring the extreme overall dimen- 
sions for the galaxy that were first inferred from the uncorrected 
distances of the globular clusters. It remains to be shown that there 
is any great star density in the regions of the outlying clusters, and 
comparisons with other galaxies should be based upon the same data 
in each case. Hubble finds a possible distance of nearly 30 kpc be- 
tween two globular clusters of the Andromeda nebula, and other 
such objects might extend that system still further. Our galaxy is a 
large one; but when its apparent dimensions are corrected for space 
absorption, and the extension of the Andromeda nebula, both in 
stars and in clusters, is considered, the two systems seem to be of the 


same order of size. 
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THE LUMINOSITY FUNCTION OF NEBULAE* 
EDWIN HUBBLE 
I. THE LUMINOSITY FUNCTION OF RESOLVED 
NEBULAE AS INDICATED BY THEIR 
BRIGHTEST STARS 
ABSTRACT 
The brightest star, arbitrarily defined as the mean of the three or four brightest 


individual, non-variable stars in a nebula, is calibrated as a criterion of distance (Ms5= 


— 6.35, 0s =0.41). 

The luminosity function of resolved nebulae is then derived from the frequency 
distribution of ms —mn, which measures the luminosity of a nebula in terms of its bright- 
est star as the unit. The luminosity function approximates a normal error-curve with 


Mon= —14.2+, on=0.85, and Mn=—15.18. 

Incomplete data for brightest stars in members of the Virgo cluster suggest a modu- 
lus, m—M, of 26.6 or slightly larger. Cluster members are roughly comparable with 
resolved field nebulae, and, within the cluster, different types of nebulae are comparable 


among themselves. 
FUNDAMENTAL CRITERIA OF DISTANCE 


Fundamental distances of nebulae’ are derived from their stellar 
contents—from the apparent faintness of familiar objects whose in- 
trinsic luminosities are known. These absolute distances serve to 
calibrate two other criteria—red shifts and total luminosities— 
which would otherwise furnish only relative distances. Investiga- 
tions of stellar contents are necessarily restricted to neighboring 
nebulae. The problems are simplified by the fortunate chance that 
the galactic system is one component of a triple nebula (the Magel- 
lanic Clouds being the satellites) which is itself a member of a local 
group, isolated in the general field of nebulae. Thus a number of 
stellar systems are concentrated in our immediate neighborhood and 
can be studied in considerable detail. The local group furnishes a 
sample collection of nebulae for the determination of the general 
characteristics of stellar contents. 

Stars in the Magellanic Clouds are studied with existing instru- 

* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washing- 


ton, No. 548. 
' The term “nebulae” is used throughout this paper for extra-galactic nebulae only. 
Galactic nebulae are referred to as nebulosities. 
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ments down to about M =o, and later with the completion of tele- 
scopes now under construction the limit will be extended to M = +2 
or fainter.? The present limit for other members of the local group, 
all of which are within a million light-years of the earth, is about 
M = —1.5, and the completion of the 200-inch reflector should push 
this limit down toward zero. As for nebulae in the general field, 
possibly half a dozen are within 2.5 million light-years, and the 
present limit for investigating stellar contents at that distance is 
about M=-—y,4. The assembling of a significant sample collection 
from the general field would evidently have been a difficult task 
with existing equipment. 

The local group is the peculiar realm of the Cepheid criterion of 
distance. Cepheids can be readily observed out to the limits of the 
group, and distances would be well determined if it were not for un- 
certainties in the effects of galactic obscuration. Since the local group 
is elongated and the galactic system with its two satellites is situated 
near one end, the other members are seen in one general direction. 
The center of the apparent distribution is near M 31, at galactic 
latitude about — 20°. Only one member—NGC 6822, which is the 
nearest—lies more than 40° from this center. The nebulae tend to 
cluster in low (southern) latitudes, where local obscuration is consider- 
able. Even the satellites are subject to appreciable obscuration, the 
Large Cloud being at B= —33° and the Small Cloud at B= —4s°. 
Therefore, uncertainties are introduced into the very data which 
must be used in calibrating other criteria of distance. 

For investigations of stellar contents the precise amount of the 
obscuration is not important provided the obscuration is uniform 
over the area covered by each nebula. Since this condition is pre- 
sumably fulfilled, the Cepheids in each system furnish a zero point 
for the scale of absolute magnitudes, regardless of obscuration. In 
this way it has been possible to determine the luminosity function of 
globular clusters and of novae at maxima in M 31 and of the super- 
giant stars in several nebulae. Fragmentary data have been as- 
sembled for various other constituents of stellar contents. 

Cepheids are by no means the brightest objects in nebulae. They 


? The magnitudes in this paper are all on the international photographic system 
unless otherwise stated, 
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are surpassed by certain types of irregular variables, supergiants, 
novae, globular and open clusters, as well as by star clouds and 
patches of emission nebulosity. With increasing distances these 
objects should fade out, class by class (about in the order named), 
until the last constituents of stellar contents are lost and no general 
criterion remains except the total luminosities of the nebulae them- 
selves. The observations do, in fact, present just this sequence of 
phenomena. 

The general distance criterion which may be applied throughout 
the observable region of space is furnished by total luminosities, or, 
more precisely, the luminosity function of nebulae. The sample col- 
lection of nebulae in the local group is too small for the purpose of 
definitive calibration; some other criterion must be selected, inter- 
mediate between Cepheids and total luminosities, which may be ap- 
plied to nebulae on the inner fringe of the general field. The criterion 
actually adopted is the brightest star, which is arbitrarily defined as 
“the mean of the three or four brightest objects which are judged to 
be individual, non-variable stars situated in a nebula.”’ 


BRIGHTEST STARS AS A CRITERION OF DISTANCE‘ 

The selection is the result of a process of elimination among the 
brighter elements of the stellar contents in members of the local 
group. Brightest stars are surpassed by star clouds, patches of emis- 
sion nebulosity, and occasionally by globular clusters and, possibly, 
open clusters. Among these objects the globular clusters alone are 


3 The local group includes elliptical nebulae, intermediate and late, normal spirals, 
and irregular nebulae, but no early normal spirals or barred spirals at any stage. The 
intrinsically largest and brightest known nebulae are included and also the faintest 
(although not the smallest). The range in absolute magnitude is about 6.5 mag. as 
compared to a known range of about 5 mag. among other nebulae. The mean magni- 
tude is M=-—14, if the galactic system is included with a hypothetical luminosity 
equal to that of the Andromeda spiral, or — 13.6 if the galactic system is omitted. The 
latter value is fainter than the average in the general field (of the order of —14.2), 
partly because of the relatively large number of irregulars. This feature is a unique 
characteristic of the group and distinguishes it from the many otherwise similar groups 
that are found over the sky. 

4 The present investigation of the criterion of brightest stars is a revision and ex- 
tension of previous discussions by the writer in Mt. W. Contr., No. 324; Ap. J., 64, 321, 
1926; and, in collaboration with Humason, in Mt. W. Comm., No. 105; Proc. Nat. Acad., 
15, 168, 1929; Mt. W. Contr., No. 427; Ap. J., 74, 43, 1931. 
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serious contenders for the rdle of distance criterion; the others exhibit 
dispersions so large that satisfactory calibrations cannot be made 
with the data now available. 

Globular clusters can be readily distinguished from individual 
stars (or stellar images) down to about m= 19.0 or, under exceptional 
conditions, to perhaps 19.5. An examination of the nebulae in which 
brightest stars are not fainter than these limits indicates that the 
intrinsic luminosities of the brightest clusters vary widely from 
nebula to nebula and seldom surpass those of the brightest stars. 
The clusters in the galactic system are outstanding exceptions. Two 
of them (NGC 6356 and 6864) apparently surpass the brightest star 
by 1.5 mag. or more; they would be conspicuous objects in the nearer 
field nebulae and would be easily identified in members of the Virgo 
cluster. In M 31, M rot, and, possibly, the Small Cloud, the brightest 
clusters are slightly brighter than the brightest stars, but in the 
Large Cloud, M 33, NGC 6822, M 81, and most of the remaining 
nebulae the order is reversed, and in some cases the difference is con- 
siderable. Among these nebulae whose distances are known the 
brightest stars clearly offer the more uniform criterion. Occasional 
misidentifications in the more remote nebulae may be expected, but 
the effect on mean results of statistical investigations will probably 
be unimportant. 

Two criticisms might be urged against the validity of the cri- 
terion. The first is the possibility of confusing groups, or compact 
clusters, with individual stars. The danger seems quite real because 
the contents of large volumes of space in the very distant nebulae 
would register on the photographic plate as sensibly stellar images. 
Nevertheless, it is reasonable to suppose that the brighter super- 
giants, which are rare and are scattered at wide intervals, are so out- 
standing that other objects in the vicinity, or in the line of sight, 
would contribute very small increments to their apparent magni- 
tudes. A study of the galactic system and the neighboring nebulae 
lends some color to the assumption. A stronger and purely empirical 
argument is found in the observations. Regardless of their true 
nature, the objects selected as brightest stars, as will appear later, 
form a homogeneous group in which the absolute magnitudes do not 
vary systematically with apparent magnitudes (or distances). The 
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brightest stars in faint, distant nebulae are comparable with those in 
members of the local group. The latter stars, as judged by their 
luminosities relative to Cepheids, are probably individuals, com- 
parable with the brightest star in the galactic system; therefore, the 
objects in the distant nebulae may also be regarded as individual 


Stars. 

The second criticism is the fact that, with existing telescopes, stars 
are not found in all types of nebulae. Resolution is restricted to ir- 
regular nebulae of the type of the Magellanic Clouds and to the 
later section of the sequence of classification—namely, to the inter- 
mediate and late-type spirals, whether normal or barred. The 
brightest stars, moreover, in the intermediate spirals are syste- 
matically fainter than those in late spirals, the difference being of the 
order of 0.7 mag. Consequently, the nebulae actually resolved are 
mostly the late spirals, Sc and SBc. The intermediate spirals are not 
only less frequent per unit volume of space, but those that can be 
resolved are distributed through a smaller total volume than the 
resolved, late spirals. The irregulars, although scattered over the 
same volume as the late spirals, are relatively rare objects. The 
brightest stars, therefore, furnish information mainly concerning a 
single stage in the sequence of nebular forms, and the question of 
whether or not the systems at this stage are fair samples of nebulae 
in general must be investigated by other methods. Actually, an af- 
firmative answer is derived from the mixture of types in clusters and 
in the list of nebulae whose velocities are known. 

Foreground stars may be eliminated by star counts in the case of 
nebulae covering large areas, or by simple inspection in the case of 
the smaller nebulae. The latter method involves rather arbitrary 
judgments and for this reason is subject to the personal equation of 
the investigator. Single, outstanding objects are generally assigned 
to the foreground, and the selection of the brightest star is based on 
the three or four objects, with about the same luminosity, below 
which the numbers steadily increase. This method of estimation 
tends to reduce the effects of exceptional objects which might be con- 
tained in a nebula. Moreover, the method furnishes a reasonable 
compromise between the use of the single brightest star, which 
would be extremely difficult to identify, and the use of, say, the 
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twenty-fifth star, or the mean of a considerable number, which 


would seriously restrict the range of the criterion. 


CALIBRATION OF THE CRITERION OF BRIGHTEST STARS 

Preliminary examination of the available data indicates that the 
range among brightest stars is conspicuously smaller than the 
range among nebular luminosities. The differences, therefore, in the 
apparent magnitudes of nebulae and their brightest stars, m,—m,, 
measure the absolute luminosities of nebulae in terms of the bright- 
est stars as the unit. No corrections are required for effects of local 
obscuration. The first step in such investigations is the determina- 
tion of the luminosity function of brightest stars from the data in 
nebulae whose distances are known from other criteria. 

Before the particular problem is discussed, some general remarks 
will be made which concern the nebulae as well as their brightest 
stars. The large-scale distribution of nebulae and, consequently, of 
brightest stars is approximately uniform. The luminosity function 
of nebulae—the frequency distribution of absolute magnitudes of 
nebulae in a given volume of space—is known to approximate a 
normal error-curve, and the present investigation confirms this 
previous conclusion. The precise form of the luminosity function of 
brightest stars cannot be determined but, if it is nearly symmetrical 
about some point, it also may be represented by a normal error- 
curve. This assumption is adopted; it is unverified, but it is not 
inconsistent with the few data available, and moderate deviations, 
in view of the small dispersion actually found, will not seriously 
affect the final results that are based on the assumption. 

Let M and o, with subscripts and s, be the absolute magnitudes 
and the dispersions of nebulae and of brightest stars, respectively. 
Let M, be the mean absolute magnitude for a given volume of 
space, and M the mean for a given apparent magnitude. Then, by a 
well-known relation developed by Malmquist,’ among others, 


M =M,—1.382 a?. 
5’ Malmquist gave the relation in Arkiv for Matematik, Astronomi och Fysik (Stock- 


holm, 1921), 16, No. 23, and later made a provisional determination of Mon, o, and My 
from incomplete data in the Virgo cluster (Lund. Medd. 1st ser., No. 118, 1928). 
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The object of the present investigation is to determine first M,., M,, 
and o, and thereafter Mjn, M,, and oy. 

The data for the luminosity function of brightest stars are given 
in Table I. All the nebulae are included for which distances have 
been estimated from other constituents of their contents. The values 
of M, for the Magellanic Clouds are taken from Harvard publica- 
tions and are uncertain because the particular problem has not been 
investigated. The Large Cloud is known to be exceptionally rich in 
supergiants, but the extraordinary magnitudes formerly suggested 


TABLE I 
ABSOLUTE MAGNITUDES OF NEBULAE AND 
THEIR BRIGHTEST STARS 





| | 
| | 





Meluile | Type | M, | Ms | AType 
Lac... | Ir ~15.9 7 
SMC Ir 14.5 5.8 
IC 1613 Ir Pra 5.8 
NGC 6822 Ir 11.0 5.6 
M 33 Sc 14.9 6.3 
M to! Sc 14.5 6.0 
NGC 2403 Sc 13.9 6.0 

M 31 | Sb £75 6.0 —0.7 

M St... Sb 15.9 ee —0.7 
Galactic system. . . | (Sc) (—17.5 (—7.0) 

Mean —14.7 —6.11 | 











have been considerably revised. Shapley’s latest report® mentions 
the presence of stars as bright as M = —7, and the value M = —7.1, 
corresponding to apparent magnitude m=10, is adopted. Still 
brighter stars may possibly be present. The effect of a conservative 
estimate is much the same as that of adopting a brighter limit and 
then assigning a low weight to the Cloud in view of the outstanding 
residual in this one member of the small sample collection. 

Star counts in the Small Cloud suggest an upper limit which is 
considerably fainter than that in the Large Cloud, but no definite 
value is mentioned.’ For this reason a former estimate,* corrected 

6° H.B., No. 886, 1932. 

7H.C., No. 260, 1924. 

8 Mt. W. Contr., No. 427; Ap. J., 74, 43, 1931. 
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for the latest revision in the distance, is adopted in the present in- 
vestigation. 

The data for IC 1613 are derived from unpublished investigations 
by Baade; those for M 31, M 33, and NGC 6822, from star counts 
by the writer. The values for M 81, M ror, and NGC 2403, which 
lie on the inner fringe of the general field, are not very reliable. No 
Cepheids have been identified with certainty, and distances have 
been estimated from apparent luminosities of novae and irregular 
variables, relative to similar stars in members of the local group. 

The data for the galactic system are hypothetical. The nebula is 
assumed to be a late-type spiral, Sc, because of the rapid rotation, 
the high degree of resolution, and the prevalence of blue supergi- 
ants and patches of emission nebulosity. Its great mass and large 
dimensions indicate that it is a giant nebula, and for this reason its 
intrinsic luminosity, actually unknown, is assumed to be equal to 
that of the other giant spiral, M 31. The estimate of M, is suggested 
by Trumpler’s reports on the stellar contents of open clusters. 

The data in Table I are few and uncertain, but significant addi- 
tions are not expected for some years. They furnish the simple mean 


M,.=—6.11, o,=0.52. 


Therefore 


M,=—6.48. 


With these results as a curb against the dangers of overanalysis, 
Table I may now be discussed in greater detail. Two sources of 
systematic variation are apparently involved, and the effects are in 
opposite directions. One is the previously mentioned dependence of 
M, on nebular type, the evidence for which will be presented later. 
The M, for the two Sb nebulae, M 31 and M 81, are accordingly cor- 
rected by —o.7 mag. 

The second systematic effect is a dependence of M, on M,, the 
latter measuring the stellar contents. Each nebula represents a 
sample collection of stars, and the very brightest of all stars may 
reasonably be expected to favor the largest samples. A correlation 
of this kind is suggested by a plot of M, against M,. As M, ranges 
from —11 to —17.5 (stellar contents increase about four hundred 
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fold), M, brightens about 1.4 mag. The Large Cloud is discordant, 
but it remains so according to any interpretation of the data. A simi- 
lar correlation is suggested by the fragmentary data for spirals in the 
Virgo cluster, although the analogy is qualitative rather than quanti- 
tative. Nevertheless, the evidence is sufficiently impressive to war- 
rant the reduction of /, to a constant value of M,. The latter is 
adopted as M,,= —14.2, which, as will appear later, is of the order 
of the mean luminosity of nebulae in general. 

The data, corrected for type and for stellar contents, lead to the 


revised mean, for M,,= —14.2, 
M,.=—6.12, O;=> 20: 


and 


M,=—6.24, 


where a, is now the dispersion about the correlation-curve (mean of 


the regression-curves), 
M,=0.222M,—2.97. 


The two sets of results presumably bracket the most probable 
values because some corrections to the simple mean are clearly indi- 
cated, but the corrections actually derived from such limited data 
may be expected to include accidental deviations as well as system- 
atic effects. The end results differ by only a quarter of a magnitude 
at most, and, in the absence of further information, it seems per- 
missible to use the averages of the two sets for the provisional cali- 
bration. Therefore we adopt 


from which 


RELATIVE LUMINOSITIES OF NEBULAE AND THEIR 
BRIGHTEST STARS 
The Mount Wilson photographs include a representative collec- 
tion of nebulae distributed over a wide range in apparent lumi- 
nosity. The brighter nebulae are the more completely observed, but 
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several hundred objects fainter than m=14 are also available for 
study. The nebulae in which stars can be identified with some con- 
fidence are listed in Tables II and III, the latter containing only 
members of the Virgo cluster. The tables give the nebular types, the 
apparent magnitudes of the nebulae, m,, and of the brightest stars, 
m,, and the differences, m,—m,, which measure the absolute luminos- 
ities of the nebulae in terms of the luminosities of the brightest stars 
as units. The data are listed in the order of increasing values of m,, 
and no objects are included with m, > 20.5. 

Some 32 of the nebular magnitudes, m,, represent careful measures 
with photoelectric cells (by Stebbins and Whitford) or on schraffer- 
kassette plates;? 100 are the values listed in the Harvard Survey, cor- 
rected by —o.1 mag. in order to conform to the scale established by 
the photoelectric cell measures; the remaining 13 are estimated mag- 
nitudes of nebulae which are not included in the Harvard Survey. 

The magnitudes of brightest stars, m,, represent actual measures 
in about 15 cases where m,<19.5. The remaining values are the 
means of three independent estimations to the nearest half-magni- 
tude, made at widely different times. These data are provisional and 
must eventually be replaced by precise measures. A preliminary dis- 
cussion, based on the estimates, is justified by the length of time that 
will be required to complete the program of measuring such faint 
stars with the necessary accuracy. Nevertheless, it is believed that 
the data now available are fairly homogeneous and that scale errors 
do not amount to more than a few tenths of a magnitude at most. 

The simple mean of the 145 differences is 7.86, and the dispersion, 
o=0.93, includes that of brightest stars as well as that of nebulae. 
Since the nebulae are selected on the basis of the apparent magnitude 
of the brightest stars, the zero point of the absolute magnitudes is 
furnished by M,. The simple, uncorrected means for both stars and 
nebulae give 

M on=M,—(m,— m,n) = — 14.34, 


On= V On, s— O3=0.77, 


9 The magnitudes of the Magellanic Clouds are measures by G. van Herk, B.A.N., 


6, 61 (No. 209), 1930. 
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TABLE I] 





| 
| 
| 


Ms—My 
NEBULA Typ m | my | 
Obs Corr. 
LMC Ir 10.0 | ra" | 8.8 ra) 
5 : 3 ‘ 
SM( Ir he al 2.8* | 8.7 9 
Jalal > . . | | : 
NGC 5098 Sc 15.6 ree SI 8.5 
6822 Ir 15.8 lo.4" | 5.4 6 
224 Sb 16.0 Ac6e | 11.5 10 
IC 1613 Ir 16.4 | «11.0% | Cer 6 
NGC 4736 Sb 17.4 | Orr | 8.3 7 
5457 Sc we 9.o* | 8.5 
5194 Sc 17.6 | 9:4" | 8.2 
4449 Ir 17.8 | 10.2 | 7.6 8 
1156. Ir 18.0 12.8 | 62 5 
2403 Sc ee 10.1 7.0 
253 Sc 18.3 a le 10.1 
4214 Ir 18.3 10.6 | 7 ey 8 
300 Sc 18.3 II.2 ee 
| | 
> . > | | 
578 Sc 18.5 | iz: | 6.9 
3031 Sb 18.5 S.z" | 10.4 re) 
4826 Sb 18.5 9.6" | 8.9 8 
5236 Sc 8.5 | Sse |) 130.0 
Le 342. Sc ws ||| (gavg* 6.0 
NGC 3631 Sc 18.6 ei29 6.9 
1068 Sbe 8.7 | 10.1* | 8.6 
3627 Sb 18.7 | 9.8 | 8.9 8 
4656 Ir iBc7 | wae 735 8 
4490 SC 18.8 | 10.4 | 8.4 
. : : | 
628 Sc 18.9 eae | 7.8 
45 Sc 19.0 2.1 | 6.9 
925 Sc 19.0 | ee 6.5 
2366 Ir 19.0 ms | 6.5 7 
2903 Sc 19.0 10.2 8.8 
3184 Se 19.0 R97 7.3 
4088 Sc 19.0 br.2 7.9 
4236 Sc | 1g.0 11.2 7.8 
4618 Ir 19.0 11.4 7.6 8 
: Sin | ~ | * 
4031 dC 19.0 9.5 9.5 
6946 Sc 19.0 | rr.o | 8.0 
247 Sc 19.2 | 10.6 | 8.6 
SOCE. .., Sb | 19.2 | 10.4 | 8.8 8 
5248. . Sc 19.2 re Oe fa | 8.1 
+ | Spc. | 19.3 1736.) | 7 ey 
! 


* Measured magnitude. 


t Corrected for type (Ir, 


| 








+o0.7 mag.; Sb, SBb, 


—0.7 mag.). 


a | 


i) 
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TABLE II[—Continued 





| Ms—My 
NEBULA | TYPE Ms My —— 
| 
Obs Corr.t 
NGC 134. DC 19.5 3 8.2 
871 Sc | 10.5 13.0f | 6.5 
2967. Se 19.5 y oe ae 7 
3338. Sc 19.5 12.2 7.3 
3590 | Sc 19.5 2.1 | 7.4 
4030 Sb 19.5 11.1 8.4 1 EY 
4258. . Sb 19.5 10.1 9.4 8.7 
4305. Sc 19.5 fE.3 8.2 
4559 | Se 19.5 10.6 8.9 
4605. 3c 19.5 10.8 $:7 
4713 Sc 19.5 12.2 7:3 
5364. Sc 19.5 ET. 5" 8.0 
5474 | Sc 19.5 11.6 7.9 
5713 Sc 19.5 B27 7.8 
5964. SBc 19.5 12.9} OrGe Bea scons 
7331 | Sb 19.5 11.1 8.4 7.7 
3810. Sc 19.6 Et.7 EC. 
428 Sc 19.7 ia; 2- 7.5 
1042 Sc 10.7 12.4 $22 
3206 Sc 19.7 12.8] 6.9 
3893 | Sc 19.7 10.9 8.8 
39053 Sc 19.7 eA | 8.3 
5005 Sc 19.7 11.2 Sc 
7393 Scp 19.7 12.8} 6.9 
2537 Scp 19.8 12.1 yee 
4725 Sab 19.8 10.7 g.1 8.4 
5585 Sc 19.8 11.9 7.9 
5970 Sc 19.8 '2.3 7.5 
2742 Sc 19.9 12.4 Hee 
3780 5c 19.9 iP 7.4 
05 | Se 20.0 23.4" 6.6 
200 SBe 20.0 13.3} 6.7 
289 Sc 20.0 12.0 8.0 
514 5c 20.0 12.3 9 
753 Se 20.0 12.9 7.1 
864 Se 20.0 12.2 7.3 
877 Sb 20.0 12.3 1 7.0 
1073 | SBb 20.0 11.9 8.1 7.4 
1084 Sec | 20.0 ee, 8.7 
ESSO:.. Scp 20.0 2.9 1 ee 





t Estimated magnitude, nebula not included in the Harvard Survey. 
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TABLE IIl—Continued 


mM,—My, 
NEBULA Typ! mM. My 
Obs Corr.t 
NGC 2300 Sc 20.0 r2.3 7.9 
2389 DC 20.0 12.9 1 
2748 Sc 20.0 12.3 7 A 
2964 Sc 20.0 11.8 o.2 
3187 SBe 20.0 i301 | 7.0 
3189 SBc 20.0 r3.2 6.8 
33905 SC 20.0 12.3 7.7 
3432 Sc 20.0 ie 7.9 
352i Sbe 20.0 10.2 9 
3887 Sc 20.0 r.5 Se 
3949 Se 20.0 ee Su 
4102 SBb 20.0 12.0 8.0 2.3 
4151 Sb 20.0 ae 8.9 8.2 
4602 oc 20.0 ba. 7 
5371 be 20.0 11.6 8.4 
5633 Sb 20.0 £27 7.3 6.6 
6217 Sc 20.0 5238 Ae 
7348. Sc 20.0 ee ee 6.9 
2970. Sc 20:.2 bil Q:2 
3430 Sc 20.2 12.3 7.9 
3486 SC 20.2 Pi:3 8.9 
132 Sc 20.2 oe ee 7 
3738. Ir 20.3 12.1 8.2 8.9 
5850. . SBb 20.3 12.8 7.5 6.8 
6070 SC 20.3 12.6 Te | 
3750 Jc 20.4 12.4 8.0 
5207 Se 20.4 E20 /e 
7710 Sc 20.4 [3.2" 7.2 
198 Sc 20.5 beast 7.0 
210 Sc 20.5 12.4 8.1 
278 Sc 20.5 bt7 8.8 
94! Sc 20.5 [2.2 1 a 
1376 SC 20.5 C20 | ee 
2220... Sc 20.5 12.0 20 
2633. SBc 20.5 b2 3s 8 
3055 SBc 20.5 12.4 8.1 
4625 Sec 20.5 12.9} 7.6 
4712 Sc 20.5 12.8 7 
4793 Sc 20.5 12.4 | 8.1 
4808 Sc 20.5 12.4 | 8.1 
4900. . | SBc 20:5). | rr.7. | 8.8 
5062 Sc 20.5 | Eecay | 8.1 
6207 Sc 20.5 | 12.2 | S33 
6412 Sc : aa 24 12.7 | 7.8 
| oC } 20.5 13.0 7.5 
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With these values determined, the nebular data can be examined in 
greater detail. 
THE CORRECTION FOR NEBULAR TYPE 
Tables II and III contain 117 late spirals, 17 intermediate spirals, 
and 11 irregular nebulae. The intermediate spiral M 31 exhibits an 
outstanding difference, m,—m,, and unduly influences the mean for 


TABLE III 


RESOLVED NEBULAE IN THE VIRGO CLUSTER 





Nebula Type mM « my m;—My 
NGC 4321 Sc 19.0 10.6* 8.4 
4254 Sc 19.2 10.6* | 8.6 
4535 Sc 19.5 1.1* | 8.4 
4209 SC 19.7 13.90 | 6 7 
4054 Sc 1g.7 11.0 | 8.1 
4175 se 20.0 52:3 iy se, 
4204 SC 20.0 12.9 y eo 
4302 SC 20.0 i, te 6.9 
4507 Sc 20.0 12.2 7.8 
4508 Sc 20.0 I2.1 7:9 
4571 Se 20.0 12.7 7.3 
4051 Sc 20.0 Fr? 8.3 
4808 SC 20.0 12.4 7.6 
I¢ 3258 Sc 20.0 14.0 6.0 
NGC 4192 Sb 20.2 1r.2" 9.0 8.3f 
4273 Sc 20.5 F201 8.4 
4501 oc 20.5 13.8 | 6.7 
4033 Sc 20.5 10.6* | 9.9 
IC 3476 Sc 20.5 ce ee oe 
3583 OC 20.5 14.2 6.3 
Mean 7.68 
* Photoelectric cell measures. t Corrected for type 


the limited number of nebulae of the same type. The mean differ- 
ences for the various types, omitting M 31, are given in Table IV. 

Systematic variations are clearly present, and provisional correc- 
tions of +o0.7 and —o.7 mag. may be applied to the Ir and Sb 
nebulae, respectively, in order to reduce them to the system of the 
late spirals. The interpretations are quite different in the two cases. 
The intermediate spirals appear to be normal (comparable with the 








172 EDWIN HUBBLE 


late spirals), but their brightest stars are systematically faint. On the 
other hand, the irregular nebulae are systematically faint although 
their brightest stars are normal. The latter conclusion is based on 
the four irregulars in the local group and five others in the general 
field whose distances can be derived from their red shifts. The num- 
bers are small, but they include a majority of the objects in Table IV 
and show no systematic difference from the remaining irregulars in 
the table. The constituent elements of Ir and Sc nebulae appear to 


TABLE IV 


COMPARISON OF TYPES 


| 
Type | No. | ree | A Type 
Sb, SBb.. 16 | 8.57+0.20 | —0.7 
S¢. SEC. . | 117 7.84+0.05 | oo 
Ir... II | PoSero.gs | +0.7 


be closely comparable; both types are characterized by a high de- 
gree of resolution, blue supergiants, and patches of emission nebulos- 
ity. 
SYSTEMATIC VARIATION OF BRIGHTEST STARS ALONG 
THE SEQUENCE OF CLASSIFICATION 

The comparability of intermediate and late spirals is established 
in arough way by comparisons of the two types in clusters and more 
precisely by their residuals from the velocity-distance relation. 
Therefore the systematic difference in m,—m, must be referred to the 
brightest stars alone. This interpretation is confirmed by data from 
the Virgo cluster where many late spirals are resolved but only an 
occasional intermediate spiral. 

The conclusion may be generalized into the very significant hy- 
pothesis that the luminosities of brightest stars increase steadily 
through the later section (or possibly the whole) of the sequence of 
classification and pass above the observable threshold somewhere 
between Sa and Sb. The earliest type in Table II is that represented 
by NGC 4725, listed as Sb but more precisely described as Sab. The 
difference, m,—m, =9.1, is still larger than the mean for Sb nebulae 
in general. A survey of the brighter, nearer nebulae of earlier types, 
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none of which is resolved,'° suggests that the differences, m,— mn, are 
greater than g.5, and are probably greater than to. 

No early spirals are found in the local group, and the only normal, 
elliptical nebula is M 32, the type example of E2. Stars as bright as 
M = —2 are definitely not present in M 32, and the limit is probably 
not brighter than M=-—1. The stellar composition of M 32 is 
hypothetical but, as Smith" has shown, it presents fewer inconsisten- 
cies than other theories of structure. The data are still fragmentary, 
but they strongly suggest a steady increase in stellar luminosity 
along the sequence, which may have evolutional significance. Fur- 
ther evidence suggests that the brightest stars become bluer (color in- 
dices decrease) as they become brighter—that visual luminosity in- 
creases less rapidly than photographic luminosity. 


HOMOGENEITY OF THE DATA CONCERNING 
RELATIVE LUMINOSITIES 

The systematic variation of m,—m, is not very troublesome in sta- 
tistical investigations, because normal collections of resolved nebulae 
are dominated by the late spirals. The variations thus tend to in- 
crease dispersions without seriously influencing the means. Never- 
theless, the dispersion is important for relating M, and M, and, for 
this reason, the appropriate corrections have been included in the 
last columns of Tables IT and III. 

The correction for stellar contents, reducing the brightest stars 
to the standard, M, = —14.2, may also be applied. This correction 
increases the dispersion in m,—™m,, so that the final results are much 
the same as those from the original data. 

The homogeneity of the data may be tested by the correlation be- 
tween the differences, m,—m,, and the magnitudes of the brightest 
stars, ms. Since the scale of nebular magnitudes, m,, is well estab- 
lished, the procedure amounts to testing the scale of stellar magni- 
tudes and also the comparability of the objects selected as brightest 
stars. The results are shown in Table V. Corrections for type have 


10 M 87, an elliptical nebula in the Virgo cluster, may be the one exception. Many 
very faint objects cluster around this nebula, but their nature and hence the resolu- 
tion of the nebula are still doubtful. 


1 Mt. W. Contr., No. 524; Ap. J., 82, 192, 1935. 
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been included, but not those for stellar contents. The latter are not 
important for the immediate purpose, because the mean values of 
m;,—m, for the various groups are closely comparable. 

The first six nebulae in Table V are members of the local group. 
The mean m,—m, is 8.4+0.4, but when M 21 is omitted as an out- 
standing exception, the mean is 7.92. The field nebulae then follow 


TABLE V 











| 
| Ms—My 
| 
Ms | No ee ee ee ae ee os 
| Uncorrected | Corrected 
6 8.05 8.40 
Local group = 4 
aii | 1G)" | (7.36) | (7-92) 
£7 .1-17.5 | 2 8.40 8.05 
£7.0-E8::0; . 4 7-23 7-57 
15. I-T6.5 8 8.39 8.30 
' ¢ | 7.8 7.8 
18.6-19.0 al aie ts ¥ is 9 
17 7-34 7-92 
| 20 7.97 7.83 
IQ.I-10.5 Al se dah. 
P ?* 9 | | 22T | 8.02 7.80 
| 
2 7 98 7.68 
19:6-20:0..... 4 i Sw ae 
53t | 7-7 7.62 
27 y am 7 € 
20.1-20.5.... id ¢ 3 is 3 
| \33f 7.92 7.90 
. =! ee Sk Slane 
7 | f 125 7.8 7.86 
otal: ..; ... + | 7-89 / 
| | 145 | 7.86 | 7.84 





* M 31 omitted. 
t Includes nebulae in the Virgo cluster. 


in groups representing successive intervals of 0.5 mag. in m,. The 
relative numbers suggest that the data are reasonably complete to 
m,=19, and are representative to perhaps m,=20. The last four 
groups are tabulated in two forms, the first containing only field 
nebulae, the second including members of the Virgo cluster as well. 
Toward the end of the table, where lack of completeness is evident, 
it is reasonable to assume that faint, resolved nebulae (small dif- 
ferences) have been missed more frequently than bright nebulae 
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(large differences). The large mean difference for the last group 
might be attributed to this effect of selection, but it is included with- 
out correction. It may be considered as compensating a slight, sys- 
tematic decrease in the differences with increasing m,, which might 
be interpreted as a scale error, or a tendency occasionally to select 
groups of stars rather than individuals as the brightest stars. In 
general, the deviations are satisfactorily small, and it seems prob- 
able that comparable objects have been selected throughout. Since 
the objects are known to be individual stars in the neighboring 
nebulae where Cepheids are found, the same identification may be 
adopted in the distant nebulae. 


THE LUMINOSITY FUNCTION FOR RESOLVED NEBULAE 

The frequency distribution of m,—m, is shown in Figure 1, where 
the ordinates are overlapping sums for three successive intervals of 
o.1 mag. One plot represents the observed data, and the other, the 
data corrected both for type and for stellar contents. Normal error- 
curves with the dispersions calculated from the data indicate the 
fidelity with which this type of distribution represents the luminosity 
function. 

The form of the curve is established regardless of any information 
concerning the mean absolute magnitude of the brightest stars. The 
only condition is the reasonable assumption, supported by all the 
available data, that the dispersion among brightest stars is appreci- 
ably smaller than the dispersion among nebulae. The exceptional 
case, M 31, has been omitted in the calculations because this one ob- 
ject appreciably influences the dispersions (although not the means). 
This procedure will be adopted in the discussions which follow. 

As in the calibration of the criterion of brightest stars, the deter- 
mination of the constants in the luminosity function of resolved 
nebulae will be made, first, from the uncorrected data; second, from 
the data corrected both for type and for stellar contents; and, finally, 
from the means of the two sets of values. The results, with M 31 
omitted, are given in Table VI. The variations, it will be noticed, 
occur mainly in the dispersions. Since the combined dispersions, 
o.n, are of the same general order, a large a, leads to a small o,, and 
a small o, to a large o,. Independent investigations of clusters and 
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of residuals in the velocity-distance relation suggest that the adopted 
o,=0.85 is probably of the right order. Finally, it should be men- 
tioned that the dispersions for both stars and nebulae include ac- 
cidental errors in estimates, or measures, of apparent magnitudes, as 
well as the inherent scatter in absolute magnitudes. The accidental 
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Fic. 1.—Upper curve: frequency-distribution of observed differences between ap- 
parent magnitudes of nebulae and of their brightest stars; lower curve: frequency- 
distribution of observed differences, corrected for types and for stellar contents of the 
nebulae. Points are overlapping sums of frequencies for three successive intervals of 
o.1 mag. The smooth curves are normal error-curves with dispersions of 0.89 mag. 


(upper) and 0.99 mag. (lower). 


errors in the nebular magnitudes are small and probably represent 
a dispersion not greater than o.2 mag. The true dispersion in M,, 
would thus be about o, =0.83. Similar considerations suggest that 
the true og, is probably about 0.35. 
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BRIGHTEST STARS IN MEMBERS OF THE VIRGO CLUSTER 
The Virgo cluster, which is the nearest of the great clusters, fur- 
nishes a rich sample collection of nebulae of all types except the 
irregulars. Since relative, apparent luminosities within the cluster 
are equivalent to relative, intrinsic luminosities, the collection offers 
a means of intercomparing the luminosity functions for the various 
individual types. The data are still incomplete, but sufficient are 
available to indicate that the types are all roughly comparable and 
that any small systematic differences that might exist could be es- 
tablished only by refined investigations. The luminosity function, 
therefore, for resolved nebulae, derived from the study of their 
TABLE VI 
CONSTANTS IN THE LUMINOSITY FUNCTIONS OF RESOLVED 


NEBULAE AND THEIR BRIGHTEST STARS 





. n 


Constant Uncorrected Corrected Adopted 
Mos | — 6.11, 08=0.52 | — 6.12,¢s=0.29 | — 6.12, os=0.41 
Ms i € 48 — 6.24 ex. 35 
Ms— Mp, 7.85, os, n=0.89 7.83, ds. n=0.99 | 7.84, Os,n=0.94 
Mon | —14.33, On=0.72 | 14.07, On=0.04 —14.19, on=0.85 
WV | —15.05 15.30 | —15.18 


brightest stars, may be provisionally applied to nebulae in general, 
provided cluster nebulae are comparable with field nebulae of similar 
types. The question as to whether or not the condition is fulfilled 
can be answered only when the distance of the cluster is known. The 
distance can be derived from two criteria—red shifts and brightest 
stars. The results from red shifts will be examined later, but those 
from brightest stars may be mentioned at the present stage of the 
discussion. 

The data in Table III are fragmentary. The observing program 
requires the assembling with the roo-inch reflector of sharp photo- 
graphs of all intermediate and late spirals which are brighter than 
the fifteenth apparent magnitude in the area covered by the cluster. 
The field spirals are not numerous, except in the last magnitude in- 
terval (m=14-15, where about three-fourths of the total number 
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may be expected), and their influence can be estimated by statistical 
methods. The cluster must be observed in winter and early spring, 
when seeing conditions are unfavorable, and the program advances 
slowly. For this reason the present discussion must be provisional. 

The results in hand suggest that practically all the brighter, late- 
type spirals are resolvable, and many of the fainter. Of the inter- 
mediate spirals only one has actually been resolved, and very few 
others are expected to exhibit this characteristic.” The two bright- 
est of the stars in Table III, m,=19.0 and 19.2, represent the ex- 
treme limits in the entire cluster. No other nebulae show stars 
brighter than m=19.5, and very few, brighter than m=20. The 
absolute magnitudes of these limiting cases are hypothetical, be- 
cause the dispersion in M, is derived from a very small collection of 
nebulae. Provisionally it seems reasonable to assume that the larger 
collection in the cluster will show a greater range and that the excess 
may be represented by the pair of outstanding objects. Apparent 
magnitude m=19.5, then, corresponds to the upper limit in Table I 
—namely, M = —7—and the modulus of the distance of the cluster 
is of the general order of 26.5. 

More detailed analysis, based on the frequency distribution of 
m, and taking account of negative results (threshold magnitudes on 
photographs of unresolved nebulae), suggests that the most frequent 
magnitude is not brighter than 20.5. This estimate, together with 
the corresponding absolute magnitude, M,,=—6.12, suggests a 
modulus of the order of — 26.6 or fainter. Corrections for stellar con- 
tents lead to data which are evidently on the brighter branch of a 
frequency-curve and which do not define the maximum. The mean 
difference in Table III, m,—m, = 7.68, is smaller than that in Table II 
by about 0.2 mag., and the discrepancy may reflect either a scale- 
error in m, or a selection in favor of nebulae with unusually bright 
stars. 

The only conclusion that can be drawn is that the modulus of the 
cluster is larger than 26.5 and that the order of the true value can 


2 No earlier types exhibit any signs of resolution except the unique case of M 87 
an apparently globular nebula about which numerous small objects tend to cluster. 
The nature of these objects is uncertain. Some are clearly faint field nebulae, but the 
majority may be either stars or clusters. 
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probably be determined when the data that can be obtained with 
existing instruments are completely assembled. Later it will be 
shown from the red shifts that the modulus is not greater than 27 
and that the most probable value is about 26.8. The brightest stars 
alone indicate that the general order of absolute magnitudes of 
cluster nebulae is probably comparable with that of field nebulae and, 
moreover, that the decreasing luminosity of brightest stars along the 
sequence of classification is an empirical law. 


[To be continued] 
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A STUDY OF THE SPECTRUM OF 25 ORIONIS 
HELEN W. DODSON 


ABSTRACT 


A study of 147 spectrograms of 25 Orionis, covering the interval 1915-1933, has 
shown simultaneous variations of the velocities of the central absorptions and the 
emission lines of hydrogen. These changes are nearly synchronous with changes of 
the ratio V/R of the components of the emission lines. The period shows a consistent 
decrease from 1817 days to 1025 days, and the velocity amplitude of the central absorp 
tions was subject to a conspicuous decrease followed by an increase, with extreme values 
of 40 and 120 km/sec. 

The central absorption velocities of H8, Hy, and Hé are in phase; but the amplitude 
increases in the order named. This is true also of the emission velocities. The changes in 
the emission velocities anticipate those in the central absorptions by about roo days. 
The emission ratio V/R shows a marked difference of phase from line to line, 1/6 antici- 
pating Hy by about 200 days, and Hy anticipating H. 

The emission lines vary conspicuously in width and show two maxima of width in 
each velocity cycle. These maxima occur at times of maximum and minimum velocity. 

The helium lines and the broad hydrogen absorption which underlies the emission 
show systematic variations of velocity and changes of contour which are definitely 
related to the velocities of the hydrogen central absorption, but are conspicuously out 
of phase with the latter. 

With the exception of the phenomena of the helium and broad hydrogen absorption, 
the variations observed find a satisfactory interpretation in terms of the rotating 
pulsating nebulous atmosphere suggested by McLaughlin. 


Bright 6 was discovered in the spectrum of 25 Orionis by Mrs. 
Fleming.’ Each hydrogen line consists of a broad region of absorp- 
tion upon which is superimposed a wide emission line, which in turn 
is divided almost centrally by narrow absorption. R. H. Curtiss’ 
found that the two emission components thus formed undergo cyclic 
variations in relative intensity in a period first announced as 1875 
days. Later work by Curtiss’ showed considerable irregularity in the 
period. A close correlation between the variations in velocity of the 
hydrogen emission and central absorption and the changes of in- 
tensity ratio of the two emission components was pointed out by 
McLaughlin in 1931.4 

The data for the present study were obtained from 141 spectro- 
grams taken at the University of Michigan Observatory and from 

1 A.N., 17%, 130, 1906. 

2 Pop. Astr., 33, 537, 1925. 

3 Michigan Obs. Pub., 4, 169, 1932. 


4 Ibid., 4, 38, 1931. 
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six spectrograms kindly lent by the Lick Observatory. These plates 
are all of one-prism dispersion, approximately 40 A/mm at Hy, with 
the exception of seven two-prism plates taken at Ann Arbor. Almost 
all of the plates are of Seed 23 or Eastman 33 emulsion. 

The structural features of the hydrogen lines were measured in 
great detail. The following settings were made, whenever possible: 

a) Violet edge of violet absorption border 

b) Center of violet absorption border 

c) Violet edge of violet emission component 

d) Center of violet emission component 

e) Center of central absorption 

f) Center of red emission component 

g) Red edge of red emission component 

h) Center of red absorption border 

i) Red edge of red absorption border 


The mean of settings (c) and (g) was used to obtain the so-called 
“emission velocity.” Setting (e) gave directly the velocity of the 
central absorption. The mean of settings (d) and (f) was used in 
studying the relation between the emission and the absorption 
velocities, but is not tabulated in this paper. 

The helium lines A 4009, 4026, 4388, and 4472 were measured 
on as many plates as possible. At best they are diffuse and difficult 
to measure; and of the four, \ 4472 seems by far the most reliable. 
In addition to the measures with the micrometer measuring engine, 
the lines \ 4026 and \ 4472 were measured for velocity on micro- 
photometer tracings on which the record of the titanium comparison 
spectrum had been obtained.’ For very diffuse lines such as these, 
this method is believed to be fully as reliable as the direct measure- 


ment of the spectrogram. 


VELOCITIES DERIVED FROM THE HYDROGEN CENTRAL ABSORPTION 
The individual measurements on a single plate were in some cases 
so different that it was considered unwise to take mean hydrogen 
velocities. Normal places formed from these velocities are given for 
HB, Hy, and Hé separately in Table I and are plotted as black dots 
in Figure 1. The curves determined by them are drawn as full lines. 


5 Dodson, Pub. A.A.S., 8, 7, 1934. 
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The variations in velocity of Hy and Hé found by McLaughlin® 
during the interval JD 24116-26414 are confirmed. Similar varia- 
tions occurred over the entire interval studied, and for HB as well 


as for Hy and H6. 
TABLE I 


NORMAL PLACES: VELOCITIES AND EMISSION RATIOS FOR HYDROGEN 
IN 25 ORIONIS 


EMISSION INTENSITY RATIO: 





3 Loc V/R 
CENTRAL ABSORP- ea . 
pines Mitac EMISSION VELOCITY eS ana 
JLIAN N Ku /SEc arias : a 
—— ' Eye Est. Microph. Est. & 
i McL. Dodson % 
He | Hy | Hs | He | By | Hs Hp Hy Hy Hs > 
2400000-++ 

20827../-+ 6 | +17 | +19 + 8 |+16 | + 44, —.04, —.11/} —.06| —.16 4 
7S gs) ae an +14 | +16 +21 |+49 — 05) 2a |= /os fore) I 
22301 tec f+84 +78 +51 +67 | + 84 +.42 +.28 | +.28 | +.07 5 
22383 9 +52 | +56 +28 |-+51 | + 63) +.27) +.15 | +.11 | +.02 4 
22061..|.....| +24 +31 pavers CO =—.05 | —-G5\|| o 2 
22720. .|-+24 | +15 +18 +21) +10 + 23) —.16) —.17 | —.13 ae 8 
23094 = 9 | as. | gg) mae 7M ~ 45) ~.40 : 36 -.2\-28 
oS ae ees, | heer eh Carre} Pa yc 00 .o8 .00 00 I 
23407..|....f +16 | +36 +42 +32 + 53 +.23 +.23 +.12 +.28 2 
23778.. +55 | +59 +49 +44 463 -7-::| £49 +-36 | +.23| +-30 5 
23847...+61 | +68 | +87) +57/ 3 +114 +.35 +.32 +.18 | +.34 12 
24153..+54 +54 +43 +47 +47 re ken beac Je oe 
24225..+34 +58 +46 +30 +57 9 \+.17 +.13 4.16, -—.07 4 
24458 ron {+19 +21) + 8 +16 | — 6) —.19 —.17| —.16| —.20 7 
24527) + 2| + 9 +36 |— s/|...... a —.2§ | —.07 | —-33 «SS 
24832..\—10 | — 6| + 1] + 4 |—19 | — 21| —.28) —.24 | —.20| —.12 7 
24867..3+ 5] — 3| —20\ +10 |— 3/| — 27) —.30 —.15 | —.02| +.03 5 
S505. 1-32 | cts |. i. s.] OD SS |..... 1 a ae | eg |... 7 
25561..|-+-30 | +27 | +32| +18 [+39 | + 40 +.11) +-08 | +.23 |.... 7 
25909...— 4 | —I10 |} —I9) — I |—22) — 13 —.32, —.28| —.22) —.22 5 
26005. ./—-37 | —23 | —21| — 2 |—30| — 30 —.28 —.15 | —.18 6 
26276. .|+38 | +35 | +20| +34 +37 | + 20 +.25) +.19 | +.20/| +.11 6 
26373../+58 | +47 | +52) +33 +45 | + 26 +.38 +.40| +.19 | +.48 5 
26657..+39 | +48 | +54) +30 |+49 | + 30 +.26 +.21 | +.09/ +.10 7 
26752../4+-38 | +45 | +57) +30 [+36 | + 21) +.19 +.17 | +.10) —.16, 5§ 
27011... +26 | +31 +21 +24 +29 + 17 +.01 —.OI .00 —.09 9 
27109. .|-+32 | +22 | +24 +36 |-+28 | + 33) +.01| —.o1 00 —.03 9 





The velocity curves vary in a similar manner in period, amplitude, 
and form. There has been a consistent decrease in period during the 
interval of observation. Starting with the maximum of JD 22100, 


6 Op. cit., p. 30. 
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we have the following approximate values for the length of a 























cycle: 
LENGTH OF CYCLE IN Days 

| 
He | Hy Hs Mean 
Maximum to maximum........... 1825 1875 1750 1817 
Minimum to minimum....... oe 1650 1625 1750 1675 
Maximum to maximum............ 1500 | 1550 1600 1550 
Minimum to minimum....... — 1250 1300 1125 1225 
Maximum to maximum........... | 950° | 1000 1125 1025 

| ' 








This evidence alone is sufficient to discount finally any attempt to 
explain the variations in terms of binary motion. 





JD21000 22000-23000 2aan0.-—=—s25000 = 6000S 2000 
T T T T 
ABSORPTION | . 
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HYDROGEN ABSORPTION AND EMISSION VELOGITY 











Fic. 1.—Velocity-curves of 25 Orionis 


The amplitudes of the three central absorption velocity-curves 
differ systematically; the range is greater for the lines of shorter 
wave-length. This difference is small and is probably of questionable 
significance between Hy and H6, but it is very marked between HB 
and Hy. There has been a conspicuous change of amplitude from 
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cycle to cycle, as is shown by the following approximate values of 
the range of velocity: 


| RANGE IN KM /SEC 





| 
HB | Hy | Hé 


CYCLE JD | 

(I) ...... 21300-23100} 75 (—12 to +63) | 120(—20 to +100) | 121 (—15 to +106) 

605 am 23100-24800} 76 (—11 to +65) | 111(—45to+ 66)| 115(—45 to+ 70) 

LiIT). 24800-26000} 50(—16 to +34) | 40(—14to+ 26)| 45(—11to+ 34) 

(IV 26000] 98 (—40 to +58) | 74(—23to+ 51)| 83(—25to+ 58) 
| | 


| 7 | 





There seems to be no prescribed shape for the velocity-curves; 
each cycle has been unique, and the last one shows a maximum of a 
distinctly new form. It can perhaps be stated that the minima are 
generally sharper than the maxima. There is little or no evidence of 
a lag in phase between the three curves of hydrogen central absorp- 
tion, and the conclusion seems justifiable that they pass simultane- 
ously through maximum and minimum values. 

Central absorption and emission velocities had previously been 
measured by McLaughlin on 57 of the 147 spectrograms. A compari- 
son of his measures and those of the writer showed a high degree of 
accordance. During each season there was a wide scattering of the 
velocities given by individual plates. A comparison of the differ- 
ences, plate minus normal place, for Dodson and McLaughlin 
showed a close agreement. This demonstrated that the variations 
during any season were actually inherent in the plates, although this 
does not fully establish their physical reality as attributes of the star. 

Efforts to find a period for these more rapid changes met with little 
success. For the most part the data were too far apart in time to give 
conclusive results. For Hy, data for single seasons could be fairly 
well represented by periods of from 25 to 39 days. For five different 
seasons the periods found are as follows: 


1923-24........ 39 days GRO OE) see ts 30 days 
ae | 4 ra 25 BO S833), 2, ess 30) 
EQZO-90. ok se 39 


More data would be needed before definite conclusions could be 


reached concerning the existence of a short period. 
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VELOCITIES DERIVED FROM THE HYDROGEN EMISSION LINES 

Normal places of the emission velocities of HB, Hy, and Hé6 are 
tabulated in the fifth, sixth, and seventh columns of Table I, and 
are plotted in Figure 1 as open circles. The curves based on them 
are drawn as broken lines. 

The emission velocity-curves are very similar to those for the 
central absorption lines. The minima are sharper than the maxima, 
and there is no evidence of lag in phase between the three curves. 
As in the case of the absorption, the range of velocity is greater for 
the lines of shorter wave-length, as is shown in the following table: 


| ‘ | Range in 

| ax: N } 

| Max | [in i Mes 
Hp + 55 —I10 65 
3, See | 75 45 | 12 
Hé6 Seater +110 —45 Iss 


Comparing the absorption and the emission velocity-curves, it is 
evident that there is a phase difference between the two sets. For 
each line the emission velocity anticipates the absorption velocity 
by as much as too days. There is also a difference of amplitude of 
emission and absorption. For HB and Hy the range is greater for 
the absorption than for the emission. This, combined with the differ- 
ence in phase, results in a slight asymmetry in the position of the 
central absorption line. During the increase of velocity the absorp- 
tion lies slightly to the violet side of the center of the emission; at 
maximum emission velocity it is truly central; and during decreasing 
velocity it is on the redward side of the emission center. Considering 
normal places, the greatest observed deviation of the absorption 
from the center of the emission amounts to about 4 per cent of the 
width of the emission line. 


THE WIDTHS OF THE EMISSION LINES 
The widths of the emissions at H8, Hy, and H6 undergo varia- 
tions of more than an angstrom unit. Normal places formed from 
the measures of width are given in the second, third, and fourth 
columns of Table II, and are plotted in Figure 2, where the velocity 
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curve of the Hy central absorption is displayed at the top for pur- 
poses of comparison. In the main, the widths of all three emission 


TABLE II 


NORMAL PLACES: WIDTHS OF EMISSION LINES AND VELOCITIES 
OF EMISSION EDGES FOR HYDROGEN 















































VELOCITIES OF EMISSION EDGES 
e r SE 
EMISSION WIDTHS IN Reine 
ANGSTROMS 
JULIAN 
am HB Hy Hs 
| 
Red | Violet Red Violet Red | Violet 
HB | Hy | H® | kage | Edge | Edge | Edge | Edge | Edge 
2400000-+ 
20827.. 5.9 $2 4.8 |+192 |—176 |+192 |—163 |+195 |—140 
SER cic c Soa a0 Le 232 198 234 se ope ibe 
NE osx one oso 60.4 5.0 5.6 250 145 240 107 290 116 
oa oe Pars 5.8 5.1 4.3 209 149 228 124 222 96 
ee NE 5.6 5-4 208 136 IgO BGS hic os 
7 fe 2 ree 6.4 S33 459 213 182 195 173 165 150 
reer 7.0 5-9 5-4 205 227 165 245 138 242 
BE Gees! ahene es ir) Sor eres Se ee “yo 1 enepeiege| Se ieaene 
Cs ee ee? 5.6 5-4 4.3 219 128 221 149 211 105 
GOT FO scscaciesoo AG 5.6 The 2 (ne ate 215 130 198 Vit? Ol eee 127 
OL ty mem rae 6.5 Ce 5.6 260 139 256 115 318 99 
Ot re 6.0 4.8 4.4 231 139 212 119 192 130 
BNGRS so s0va as 5-9 of 5.2 216 146 235 120 231 147 
Ce a es 6.2 AF cI 199 184 179 148 177 1g2 
eV Se ney cag 5.8 eg 192 161 183 201 183 214 
7 ary ec eT 407 180 177 164 196 159 184 
Bee ikaw wok ce 4.9 4.9 187 166 167 173 153 206 
EROS. vicdsotg 5.2| 4.8] (2.2)| ror 132 193 140 40 121 
OS ea eer yee a. Le 185 148 231 136 231 137 
een F 6.5 a2 4.6 192 206 154 198 156 182 
WIS oe swstile ss 6.9 5.8 e 2 205 218 E77 228 166 251 
> | re 6.6 5-4 4.8 243 165 222 149 201 144 
oe ka a re 6.4 ee eer 230 163 228 Te peerage 123 
Ot ae 7:0 5.6 6.0 243 185 270 144 256 172 
DO 8s ans Faeus 6.3 <5 58 223 163 226 153 214 172 
SSGERS fects onsicih 5-9 5.2 4.9 207 158 211 152 199 166 
oo er ner 6.8 5-9 5.1 |+244 |—175 |+230 |—179 ioe — 146 





lines vary together, and exhibit maxima of width at both maxima 
and minima of velocity, and minima of width at the times near 
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median velocity. The only marked exception to this rule occurs at 
about JD 25400, when the maximum of velocity is unusually low. 
The plates which furnish the discordant data are the two-prism 
spectrograms, most of which are underexposed. 

A closer insight into the nature of the variations is gained from 
a study of velocities of the separate emission edges. These are given 
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Fic. 2.—Hydrogen emission widths in 25 Orionis 


in the last six columns of Table II and are plotted in Figure 3. For 
each hydrogen line, the velocity curve for the red edge is plotted 
above that for the violet edge, so that changes in the distance be- 
tween the two curves indicate (but are not proportional to) changes 
of the width of the line. In general, the violet edges show sharp 
minima at the times of velocity minima, but rather blunt maxima 
at the times of velocity maxima. The red edges, however, show 
the reverse effect: sharp maxima at velocity maxima and blunt 
minima at velocity minima, although the differences are less pro- 
nounced. It is thus suggested that the variations of emission width 
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are caused by a flaring-out of the weak violet edge of the emission at 
velocity minima and a flaring-out of the weak red component at 
velocity maxima. This rather striking phenomenon has an im- 
portant bearing on the interpretation of the variations in terms of a 
physical model, which will be discussed in a later section. 
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Fic. 3.—Velocities of hydrogen emission edges in 25 Orionis 


Line widths, when caused by Doppler shift, should be propor- 
tional to the wave-lengths, if the widths are given in wave-length 
units. Mean values based on all the normal places, except those of 
JD 25265, are as follows: 


SPR 6.2A 382 km/sec 
Ba dies eae S03 367 
BED se ease fiiake aise 4.8 351 


The agreement seems satisfactory, and the systematic change with 
wave-length is in the right direction and of the right order of magni- 
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tude to be accounted for by the effect of the slit-width in increasing 
the apparent width of the emission. 
THE RATIO OF INTENSITY OF THE VIOLET TO THE 
RED EMISSION COMPONENTS 
Values of the ratio of intensity of the two emission components 
of Hy and H6 were estimated from the microphotometer tracings. 
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li HYDROGEN EMISSION RATIO AND VELOCITY 





Fic. 4.—25 Orionis. In the lower half of the diagram the figures nearest the margin 
are log V/R; the others are velocities. 


Normal places of these data are given in the tenth and eleventh 
columns of Table I, in the form of logarithms of V/R. Similar data 
by McLaughlin, determined by eye estimates from the spectro- 
grams, are given for HB and Hy in the eighth and ninth columns. 
The resulting curves are plotted in Figure 4. The close agreement 
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of the two curves for Hy obtained by different observers and by 
quite different methods furnishes a convincing check on the ac- 
curacy of the data. 

McLaughlin has pointed out that the curves of V/R show a close 
similarity to the velocity curves. A comparison of his curves for HB 
and Hy shows a slight difference in phase: changes of Hy slightly 
precede the corresponding changes of HB. A comparison of the 
writer’s curves for Hy and Hé shows a conspicuous difference of 
phase in the same direction; H6 anticipates Hy by 200-300 days. 
This difference is so conspicuous that it is unquestionably real, and 
unpublished observations by McLaughlin show this effect strikingly 
in « Aquarii. On some plates of that star the inequalities of the 
components at H6 and Hy are opposite in direction, and the appear- 
ance of Hy predicts the change which is about to occur at H£. 

Rather interesting relationships result from a comparison of the 
curves of emission ratio and of velocity. The maxima and minima 
of the former occur earlier than corresponding phases of the central 
absorption velocities, and the difference in phase is greatest for H6. 
(For HB, see curve 5, Fig. 4.) The relation of the curves of emission 
ratio to those of emission velocity is shown in the last three curves 
of Figure 4. At H® the two curves are practically in phase; at Hy 
the emission velocity curve lags about too days with respect to the 
curve of emission ratio; and at Hé6 the lag is about 250 days in the 


same sense. 


VELOCITIES DERIVED FROM THE HELIUM LINES 
Measurements of the helium lines in this spectrum are very un- 
certain. The lines are broad and diffuse; and the difficulty of meas- 
urement is further complicated by apparent structure, doubling, or 
marked asymmetry. The lines \ 4026 and \ 4472 were measured 
independently with the micrometer measuring engine and on micro- 
photometer tracings. Normal. places formed separately for \ 4026 
and \ 4472 for the two methods are given in Table III. The indi- 
vidual velocities are plotted in Figure 5 as small dots and the nor- 
mals as circles. 
In spite of the large scattering of the individual values, the normal 
places for \ 4472 measured by the two methods are in satisfactory 
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accord. The same, unfortunately, cannot be said concerning \ 4026. 
In view of the more diffuse character of the latter line and the weaker 
exposure of that region, it seems best to regard the data obtained 
from it as inconclusive. The curves for \ 4472 show a cyclic varia- 


TABLE III 


NORMAL PLACES: HELIUM AND HYDROGEN BORDER ABSORPTION 
VELOCITIES; TYPE OF CONTOUR FOR HELIUM 
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tion of velocity with an amplitude of about 70 km/sec. The relation 
between these velocities and those of the hydrogen central absorp- 
tion is evident from Figure 6, where the latter are reproduced at the 
top of the chart and the curve for \ 4472 is the second from the top. 
The two variations have similar periods, but are conspicuously out 
of phase. Maxima and minima of the helium velocity occur at least 
one-third of a period before those of the hydrogen velocity. The lag 
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of the hydrogen velocity amounts to as much as 600 days in cycles 
I and II, and 400 days in cycles III and IV. 

One unfamiliar with the behavior of Be spectra might find it easy 
to dismiss this difference of phase as an indication that the observa- 
tions are without meaning. On the contrary, other Be spectra show 
that it must have some very great significance, for in only one Be 
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star so far investigated has the helium been found to vary in phase 
with the hydrogen.’ 

7BD +11° 4673: helium anticipates hydrogen by roughly one-fifth of a period 
(Merrill, Ap. J., 69, 351, 1929). 

¢ Tauri: helium is almost opposite in phase to hydrogen (Losch, Michigan Obs. 
Pub., 4, 20, 1931). 

8B Monocerotis: helium velocities are contradictory; mean for all lines is nearly con 
stant (at maximum?), while hydrogen is still increasing (Hawes, Vassar Pub., No. 4, 
p. 35 [Pl. IT], 1934). 

11 Camelopardalis: helium is approximately opposite in phase to hydrogen (7bid., 
Pp. 45). 

8 Piscium: helium and hydrogen are opposite in phase (7bid., p. 48). 

x Opiuchi: helium anticipates hydrogen by about one-quarter of a cycle (Clemin 
shaw, unpublished thesis, University of Michigan, 1934). 

HD 33232: “helium velocities apparently have no relationship to the curve for 
hydrogen” (Merrill, Ap. J., 79, 347, 1934) 

¢ Persei: helium is in phase with hydrogen (Dustheimer and Schiefer, unpublished 
theses, University of Michigan, 1927 and 1929). 
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VARIATIONS OF CONTOUR IN THE HELIUM LINES 
Because of this apparently significant, though confused, char- 
acter of the helium variations, it was considered worth while to 
study in greater detail the behavior of the helium lines. Micro- 
photometer tracings show that the helium lines are asymmetrical 
and that the asymmetry changes. These changes were studied by 
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classifying the lines according to degree and direction of asymmetry. 
The type of line was called positive when the side of greater wave- 
length showed the steeper gradient, negative when the contour was 
steeper on the side of shorter wave-length, and zero when the con- 
tour was symmetrical. Degree of asymmetry was indicated by the 
numbers 1-5. These estimates of type of line for \ 4472 show cyclic 
variations with a period similar to that of the helium and hydrogen 
velocity curves but out of phase with both of them. The values are 
given in Table III and are plotted in Figure 6. 
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The helium velocities from both the microphotometer and measur- 
ing engine data were determined from settings on what was con- 
sidered to be the center of density of the line. This measure was un- 
doubtedly influenced by the radical changes in the contour of the 
line. If the change in line contour had been the sole cause of the 
apparent variation in the helium velocity, then the type-of-line 
curve and the velocity curve should have been in phase. These 
curves are not in phase; instead, the greatest asymmetry occurs at 
times of median velocity. The edges of \ 4472 were measured sepa- 
rately, and the mid-point of the line was determined by taking the 
average of the two measures. Normal places formed from these 
measures are plotted in the third curve of Figure 6. The mid-point 
of the line has undergone cyclic shifts in position and is of exactly 
opposite phase to that of the Hy central absorption velocity. The 
helium velocity curve (center of density measure) is now seen to be 
the resultant of two separate effects: a shift of the line as a whole, 
and a variation in the asymmetry of the line. 

Normal places of the widths of \ 4472, based on the measures of 
apparent edges, are given in Table IV and are plotted in curve 5 of 
Figure 6. This curve shows that the helium lines tend to be narrower 
when shifted toward the red than when displaced in the opposite 
direction. 

Individual spectrograms differ widely from the seasonal means, 
and time-averages may have distorted certain relationships between 
contour, mid-position, and width of line. Accordingly, the data were 
regrouped by values of these characteristics. In general, when the 
line \ 4472 was deep on the violet side, it was narrow and the mean 
of the edges was displaced redward. When symmetrical, it had aver- 
age width and position. When the absorption was more intense on 
the redward side, it was wide and the mid-position was displaced 
toward the violet. 


THE UNDERLYING HYDROGEN ABSORPTION 
It was thought that the broad underlying absorption lines of 
hydrogen probably originated in the same region of the stellar at- 
mosphere as the helium absorption, and that similar behavior should 
therefore be expected. Accordingly, these lines were investigated by 
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measuring their apparent edges on the spectrograms and micropho- 
tometer tracings. The normal places obtained from these measure- 
ments are given in the sixth and seventh columns of Table III. Both 


TABLE IV 


NORMAL PLACES: EMISSION RATIO AND ABSORPTION BORDER RATIO FOR 
Hy; VELOCITY OF MEAN OF EDGES AND WIDTHS OF HELIUM X 4472 
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sets of normals are plotted in Figure 6 as the sixth and seventh curves. 
Mere random discordance would have been less disturbing than the 
obviously systematic difference that is shown by the two curves. 
The curve determined from the measures of the spectrograms is in 
phase with that for the central absorption; the curve based on the 
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microphotometer tracings is apparently in phase with the velocity 
curve for \ 4472. 

In face of the necessity of choosing between the two curves or dis- 
missing both as meaningless, it appears logical to accept that based 
on the microphotometer tracings. The line contour on the tracing 
is a definite and measurable feature; the apparent “edge’”’ of the ab- 
sorption as seen by the eye on the spectrogram is a thing impossible 
to define. The large positive velocity of the measures from the trac- 
ings is doubtless produced by the influence on the contour of four 
faint lines of Om to the redward of Hy, but this should not affect 
the validity of the observed variations of position. 

McLaughlin® made the qualitative observation that the absorp- 
tion border on the side of the strong emission component is greatly 
strengthened, while the other border often nearly disappears. He 
suggested that this may be due to a motion of the emission as a 
whole across a stationary underlying absorption, with consequent 
uncovering of the strong central core. The writer made estimates 
from microphotometer tracings of the ratio V/R for the absorption 
borders of Hy. Normals of these are tabulated in the third column 
of Table IV and are presented graphically at the bottom of Figure 6. 
The curve appears well determined and shows that, in general, a 
strong emission component is flanked by a strong absorption border 
(since this curve is nearly in phase with that of the hydrogen central 
absorption velocity and consequently with the curve of emission 
ratio). McLaughlin’s observation is thus confirmed qualitatively, 
but more accurate study shows that the ratio V/R of the absorption 
borders reaches its maximum and minimum values about one-sixth 
of a cycle before the corresponding phases of the emission velocity. 
There is thus some cause other than a mere uncovering of the deeper 
portion of the absorption contour with the shift of the emission. 

Just as in the case of the helium lines, the microphotometer trac- 
ings show that the exposed portions of this underlying hydrogen 
absorption are unsymmetrical and that the asymmetry changes. In 
order to make estimates of the type of line, it was necessary to extend 
the exposed portions of the contours until they intersected. The 


8 Op. cit., p. 48. 
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normal places of the estimates thus made are given in Table IV, 
column 4, and are shown graphically in Figure 6, curve 8. 

This type-of-line curve for Hy sheds some light on the changes in 
intensity of the two absorption borders. In the main, the change of 
contour alone would account qualitatively for the change of the 
ratio V/R of the absorption borders. As the absorption is becoming 
deep on the violet side (negative type of line), the ratio V/R is 
seen to approach a maximum. The coincidence is not exact, how- 
ever, and the ratio V/R for the absorption borders continues to in- 
crease for about 100 days after the type-of-line minimum. By an 
intercomparison of the curves of Figure 6, this difference is found to 
be satisfactorily accounted for by the further uncovering of a deeper 
part of the line contour as the emission line shifts toward the red. 
Similar phenomena occur at the time of maximum asymmetry in the 
opposite sense. 

THE IRON EMISSION 

An examination of the tracings shows the presence of broad and 
faint emission at \ 4584. There are some indications that it became 
weaker after about JD 27000. It is interesting to note that there 
was some evidence of a fading of the hydrogen emission at the same 
time. Prior to JD 25500 the Hy emission was consistently stronger 
than the continuous spectrum of the region, but after JD 27000 it 
usually appeared distinctly weaker than the continuous spectrum. 


DISCUSSION 

It is hardly to be expected that all details of the very complex be- 
havior of the spectrum of 25 Orionis will be immediately explained 
by a simple physical model, but the problem is by no means hope- 
less. The cyclic variations of velocity and emission intensity con- 
stitute the nucleus of the problem. The variations of ¢ Persei are 
repeated with such regularity that it was natural to attempt an ex- 
planation in terms of orbital motion and attendant phenomena. 
Such an explanation, however, cannot be valid for Be spectra in 
general, since several of them are utterly irregular in their behavior. 
The changes of period of 25 Orionis and z Aquarii’ definitely rule 
out the binary hypothesis. 


9 McLaughlin, Ap. J., 77, 224, 1933. 
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The suggestion that the changes are due to a type of pulsation 
is due to R. H. Curtiss."® A further advance was made by Struve," 
who pointed out that the diffuse character of the absorption lines 
indicated rapid rotation and suggested that the emission lines arise 
from a ring of gas ejected by the rapidly rotating star. This hy- 
pothesis, while accounting for the duplicity of the emission, did not 
satisfactorily explain the relations of velocity and emission ratio. 

Recently, Gerasimovic’ has suggested that Be spectrum varia- 
tions can be accounted for by a stellar atmosphere in which, for 
hydrogen, the outward acceleration due to radiation pressure is 
greater than gravitation. As a result, there is a dissipation of ma- 
terial. This outflow continues until the optical thickness of the ex- 
panding chromosphere is sufficient to produce an inward flux of 
radiation in the dangerous frequencies which will stop the outflow. 
When this material has been sufficiently dispersed as an expanding 
shell of gas, the outflow of material will begin again. This mecha- 
nism gives a very satisfactory and plausible explanation of the varia- 
tions in the relative intensities of the red and the violet hydrogen 
emission components, but is not so successful in explaining the varia- 
tions in hydrogen absorption and emission velocities. 

McLaughlin,’ working from the similarities of Be spectra to those 
of novae, suggested an extensive stellar atmosphere, pulsating as 
well as rotating. Two atmospheric levels are distinguished: an inner 
emitting atmosphere where the atoms are frequently photoelectrical- 
ly ionized by the stellar radiation and recombine, giving the emission 
lines; and an outer atmosphere shielded from the ionizing radiation 
by the absorption of atoms below it, and therefore acting mainly 
to produce the absorption superimposed on the emission. The rota- 
tion of the atmosphere accounts for the breadth of the emission. In 
a stage of atmospheric expansion the receding gases on the far side 
of the star give the strong red component of the emission, which is 
not subject to absorption by the approaching gases on the near side 
of the star because of the Doppler shift due to their relative veloci- 


10 Michigan Obs. Pub., 4, 174, 1932. 

1 Ap. J., 73, 100, 1930. 

2M .N., 94, 737, 1934; Observatory, 58, 115, 1935. 
13 Proc. Nat. Acad., 19, 44, 1933. 
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ties. The violet component, produced by approaching gases, is 
weakened by absorption by the approaching gases of the absorbing 
layers. At this phase the central absorption, originating between the 
observer and the star, is produced by approaching gases and is 
shifted in the negative direction. Opposite effects occur when the 
expanded atmosphere collapses. However, it is not to be supposed 
that the velocities observed indicate the extent of the expansion. 
The observed velocities refer to individual atoms streaming outward 
or inward, while the region of origin of the emission is considered to 
undergo only a relatively small change of size. 

From the account just given, it should be clear that the general 
features of the spectral variations of 25 Orionis are satisfactorily 
accounted for by McLaughlin’s hypothesis. It is therefore important 
to examine the finer details of the behavior of the spectrum. 

The hydrogen central absorption velocity curves indicate an in- 
crease in range of velocity with decrease in wave-length. Since we 
may assume that H@ originates at a higher effective level than Hy, 
and Hy higher than H6, this means, in terms of the proposed model, 
that the maximum velocities attained by the atoms are greater in 
the inner absorbing atmosphere than in the outer. Such a state of 
affairs appears reasonable; as the atoms recede from the star, we 
may expect them to be retarded by gravitational attraction, and the 
maximum velocity observed for atoms in the outer regions should 
be less than that in the inner layers. Similarly, during collapse the 
gravitational acceleration should lead to the greatest velocities in 
the inner absorbing layers, just before the atoms begin to be checked 
by radiation pressure as they enter the region where screening is no 
longer complete. This aspect of the observed velocities is therefore 
distinctly favorable to the proposed hypothesis. 

If the central star were small compared with the gaseous envelope, 
so that no appreciable occultation of atmosphere by the star oc- 
curred, then there should be no variation of emission velocity. As 
expansion and contraction occurred, there should be symmetrical 
increases and decreases of width of the emission without change of 
position. If the model is correct, the fact that the emission lines 
oscillate indicates that significant occultation occurs. During expan- 
sion some of the most rapidly receding gases are occulted, with re- 
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sultant shift of the emission toward the violet (in the same direction 
as the central absorption) because of the cutting-off of its red edge. 
We should expect that a larger percentage of the gases at lower levels 
would be occulted, i.e., that the effect would be greatest for Hé and 
least for HB. The observations show a greater range of emission 
velocity for H6 than for Hy, and least of all for HB. These data, 
therefore, are also favorable to the model. 

The variation of emission widths furnishes additional convincing 
evidence. Whether occultation and its accompanying variation of 
emission velocity occurs or not, there should be marked changes 
in the widths of the emission lines if the inward and outward motions 
of the atoms exceed the rotational velocities. According to the 
model, greatest emission width should occur at the times of fastest 
expansion and fastest collapse, i.e., twice during a cycle. The ob- 
served emission widths exhibit precisely this behavior. The study 
of the separate emission edges shows that the increase of width at 
velocity minimum (fastest expansion) is due to the addition of large 
velocities of approach on the side of the weak violet component of 
the emission. Light from the atoms having the greatest velocities 
of recession fails to reach us on account of occultation by the star. It 
should be noted that these observations of variation of the emission 
width are not unique. Schiefer and Dustheimer™ observed changes 
of emission widths in ¢ Persei. The relation between emission width 
and velocity was precisely that observed in 25 Orionis. 

The observed central absorption velocity curves show no differ- 
ence in phase between H8, Hy, and Hé, even though these lines 
presumably originate at different effective levels. The cause of 
their velocity changes must therefore act practically simultaneously 
throughout the extensive absorbing outer atmosphere. This points 
toward radiation pressure and gravitation as the forces controlling 
the motions of the gases. A similar interpretation is to be placed on 
the lack of difference in phase between the emission velocity curves. 

The slight phase difference of the central absorption and emission 
velocities and the great difference in the minima of the emission 
ratio and the hydrogen velocities cannot be so readily explained 
without some rather arbitrary assumptions as to the extent of the 


%4 Unpublished theses, University of Michigan, 1927 and 1929. 
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various layers, the values of the outward acceleration at different 
levels in the atmosphere, and the law of rotational velocities as a 
function of distance from the star. The observed differences in phase 
of V/R and the velocity curves suggest a compressional wave be- 
ginning at the photosphere and traveling outward through the ex- 
tensive nebulous atmosphere about the star, but this attractive 
hypothesis appears incompatible with the low densities required and 
with radiation pressure as the postulated cause of the outward ac- 
celeration. 

If we consider the screening effect of the atoms, the acceleration 
acting on the atoms of the inner absorbing layers (the Hé level) 
should be much greater than that acting on the atoms higher up 
(the HB level). Therefore, we might expect that the H6 shell would 
attain its maximum rate of expansion more quickly than the higher 
layers, and that it would be more quickly checked during the col- 
lapsing phases. This difference is in the direction actually observed 
for the emission ratio V/R (H6 anticipates Hy, and Hy anticipates 
HB), but it is difficult to believe that it would account for so large 
a lag in phase as that observed. If we accepted this interpretation, 
then we should find it difficult to account for a lack of phase differ- 
ence between the velocity curves for the several lines, either in emis- 
sion or absorption. We must therefore admit this as a difficulty in 
connection with the hypothesis proposed by McLaughlin. 

The interpretation of velocity variations shown by the helium 
and the underlying hydrogen absorption is obscure. These varia- 
tions do not fit directly into the mechanism suggested by McLaugh- 
lin. However, the model proposed by Gerasimovic requires that all 
absorption lines in the spectrum show cyclic variations in velocity 
and in a manner such that, when the red emission component is 
weaker than the violet (when the hydrogen lines are shifted toward 
the red), the spectrum lines other than those of hydrogen should be 
displaced toward the violet. Regardless of which measure—the 
mean of the edges or the center of density—be accepted as the 
helium velocity, it can be said that the helium lines in 25 Orionis 
show cyclic displacements which are distinctly out of phase with the 
hydrogen velocities. To what extent the variable asymmetry of the 
helium lines can be accounted for by variable weak emission is un- 
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certain. Further work will have to be done before any definite con- 


clusions can be reached from the study of these lines. 
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director of the University of Michigan Observatory, for the data 
and equipment made available to me, and the director of the Lick 
Observatory for the loan of spectrograms of 25 Orionis. 
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SCATTERING OF LIGHT IN DIFFUSE NEBULAE 
OTTO STRUVE AND HELEN STORY 


ABSTRACT 

The degree of obscuration of faint background stars has been estimated for 90 nebu- 
lae, of which 68 were listed by Hubble in his study of the origin of nebular luminosity. 
Nebulae having continuous spectra are associated with an appreciably greater degree 
of obscuration than nebulae having emission spectra. The difference is of the order of 
0.6 mag. The nebulae in the Pleiades are much less efficient in reflecting starlight than 
are the nebulae near p Ophiuchi and near » Scorpii. An application of Seeliger’s theory 
to the nebulae having continuous spectra leads to a determination of the albedo p 
of the particles, provided the opacity is complete. This condition is probably near- 
ly fulfilled in the region of p Ophiuchi, for which p=o.7. For the Pleiades p=0.03, 
but this value includes departures arising from a lack of opaqueness. The high value 
for the nebulae near p Ophiuchi is probably not real and may be caused by absorption. 

Recent investigations of the properties of interstellar matter deal 
largely with absorption phenomena. It is now generally believed 
that in addition to free atoms which give rise to “stationary” ab- 
sorption lines, interstellar space contains an appreciable amount of 
finely divided matter which causes selective, as well as non-selective, 
absorption. It is reasonable to suppose that the non-selective ab- 
sorption is produced by particles which are considerably larger than 
the wave-length of light and which, therefore, act as screens, without 
causing complicated diffraction effects of the type required to pro- 
duce Rayleigh scattering. The selective absorption is probably 
caused by particles which are somewhat too large to produce true 
Rayleigh scattering but which are small enough to give an appreci- 
able amount of space reddening, which, in general, follows the more 
complicated laws derived by Mie. 

The absorption coefficients of the two types of absorption are 
apparently not constant in all parts of interstellar space, and even 
the ratio of the selective to the non-selective absorption varies from 
one region to the other. Barnard’s dark nebulae seem to be charac- 
terized by large values of the non-selective absorption coefficient, 
and in at least some of them the selective absorption coefficient is 
not nearly as large as would be expected if their ratio were constant. 


On the other hand, regions of pronounced space reddening are known 
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to occur in parts of the Milky Way where there are no particularly 
dense dark nebulae. 

Information of a different kind concerning the properties of inter- 
stellar matter may be obtained by considering not only the diminu- 
tion of the transmitted beam of light but also the scattered radiation 
produced by the particles. Here we must again consider separately 
the effects produced by the larger particles and those produced by 
the selectively scattering smaller particles. 

In a recent paper’ an attempt was made to investigate the 
scattering of light produced by the larger particles. The theory of 
Seeliger,? which is particularly adapted to this problem, leads to very 
simple expressions for the surface brightness of an opaque cosmic 
cloud illuminated by a known quantity of light. Accordingly, in the 
paper mentioned above, an attempt has been made to apply these 
expressions to some of Barnard’s dark nebulae and to derive their 
surface brightnesses, which are due to the general illumination of the 
starry sky. The result seemed to indicate that this surface bright- 
ness should be about 0.15 mag. greater than that of the background 
of the sky. Actual observations made by a photographic method 
first suggested by Fabry led to a much smaller value. This could 
mean one of two things: either the albedos of the nebular particles 
are much smaller than one-third, the value used in the computations, 
or the surface brightness of the sky background contains an amount 
of scattered starlight, produced by interstellar particles, which tends 
to reduce the contrast between the dark nebula and the background. 

But before it is really safe to depend upon conclusions which are 
derived from an application of Seeliger’s theory, it is necessary to 
test the reflection hypothesis for cosmic clouds, and this can best be 
done by a study of diffuse galactic nebulae having continuous spec- 
tra. 

The reflection hypothesis was advanced by V. M. Slipher? to ex- 
plain the fact that several galactic nebulae possessed spectra which 
were true copies of the spectra of nearby stars. A study of the nebula 

' Struve and Elvey, Ap. J., 83, 162, 1936. 

2 See Schénberg, Handbuch d. Astrophysik, 2, Part 1, 163, 1928. 

3 Bull. Lowell Obs., No. 55, 1912, etc. See also Struve, Elvey, and Keenan, Ap. J., 


77, 274, 1933. 
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in the Pleiades, by Hertzsprung,’ gave additional support to the 
hypothesis. In his fundamental investigations of galactic nebulae, 
Hubble’ concluded that ‘‘within the errors of observation, the data 
can be represented on the hypothesis that diffuse nebulae derive their 
luminosity from involved or neighboring stars, and that they re- 
emit at each point exactly the amount of light radiation which they 
receive from the stars.” Finally, Zanstra,° from a rediscussion of 
Hubble’s data, decided that “‘the reflection theory leads, therefore, 
to a reasonable value of the albedo.” 


EFFICIENCY OF SCATTERING AND OBSCURATION 

It is a matter of considerable surprise that in Hubble’s dis- 
cussion the same relation,’ m, +4.90 log a,=11.02, holds for nebu- 
lae having emission spectra* and for nebulae having continuous 
spectra.’ That this agreement was merely a coincidence is obvious: 
an ideal light filter absorbing the strongest nebular emissions would 
have destroyed the similarity. There is, however, a more serious 
discrepancy: if all galactic nebulae are essentially similar in composi- 
tion, and if the mechanism suggested by Zanstra for the nebular 
emission lines is merely superimposed upon ordinary reflection phe- 
nomena, we should have expected that the emission nebulae would 
all lie above Hubble’s curve. The fact that they do not must be ex- 
plained: if the reflection hypothesis is correct, the densities of the e 
nebulae must be, on the average, considerably lower than those of the 
c nebulae. In other words, to be visible a nebula of the c type must 
have a greater efficiency, either in albedo or in density, than a 
nebula of the e type. 

To investigate this question we may use estimates of the degree 
of obscuration of each nebula. Hubble’® has already remarked that 


4A.N., 195, 449, 1913. 

5 Ap. J., 56, 416, 1922. ® Tbid., 65, 67, 1927. 

7m, is the photographic magnitude of the exciting star, and a; is the maximum dis- 
tance from the star in minutes of arc at which the nebula could be seen on one-hour 
exposures obtained with the Mount Wilson 60-inch reflector, on a Seed 30 plate. 

8 These will be designated hereafter by the letter e. 

9 These will be designated hereafter by the letter c. 


1° Ap. J., 56, 190, 1922. 
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his c nebulae usually exhibited more general obscuration than his e 
nebulae. However, he has given no numerical treatment of this sub- 
ject. Because of its bearing upon the reflection hypothesis we have 
made a more detailed study of this problem. 

The degree of obscuration was estimated for each nebula from the 
photographs available at the Yerkes Observatory. The new Milky 
Way atlas by Ross and Calvert and the earlier one by Barnard were 
especially useful. Zero indicates no appreciable obscuration, while 
10 indicates the maximum of obscuration of background stars. For 
example, obscuration o was recorded for the nebulae near y:Cassio- 
peiae and near  Orionis, while obscuration 10 was recorded for the 
region around p Ophiuchi and 22 Scorpii. Since in the densest re- 
gions the obscuration is several magnitudes, each step of our arbi- 
trary scale corresponds to, roughly, 0.3 mag. of absorption. It is not 
possible, at the present time, to obtain a better calibration of the 
estimates. Their uncertainty must, furthermore, be considerable, 
although, in general, there was never any doubt whether the absorp- 
tion was negligible, intermediate, or large. 

The estimates contain 65 of the 82 objects measured by Hubble. 
For the remaining 17 nebulae no suitable photographs were avail- 
able. In addition to the 65 nebulae from Hubble’s list we obtained 
estimates of obscuration for 25 additional nebulae located on the 
photographs made by Barnard and by Ross. For go nebulae we 
measured the maximum angular distance a, following the procedure 
of Hubble. These values were corrected by us to an exposure of one 
hour, again following the method of Hubble. However, these values 
cannot be compared in precision with those of Hubble, because they 
were obtained from the prints of Barnard’s atlas and of a few 
unpublished negatives. Their purpose was to provide a means 
for the inclusion of the 25 additional nebulae in the discussion. 
Tables I and II contain the observational data. 

The results of the estimates are shown in Figures 1 and 2. The 
former gives the 68 nebulae investigated by Hubble. The ordinates 
are Hubble’s values of log a,, and the abscissae are the values of m,. 
The lower half of the figure contains the c nebulae and the upper half 
the e nebulae. Figure 2 gives the g1 nebulae with our values of log ay, 
and with the values of m* given in the two Tables I and II. The 
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OBJECT 


BD+64°13 
NGC 281 
IC 59, 63 
BD+60°596 
NGC 1333 
BD+31°5907 
BD+29°565 
Merope 
Pleiades 

IC 348 
NGC 1499 
NGC 1514 


IC 359 
IC 405 
IG urd 


NGC 1976 
NGC 1977 
IC 431 
IC 432 
NGC 2023 
NGC 2024 
IC 435 
NGC 2068 
NGC 2071 
Orion 

NGC 2170 
BD—6°1417 
BD—6°1418 
NGC 2182 
NGC 2183 
NGC 2185 
BD—6°1444 
NGC 2175 
NGC 2237 


IC 446 
NGC 2245 
IC 2597 


BD—12°1771 
BD— 23°5277 
BD — 23°5296 
a Scorpii 


IC 45092 
IC 46o01a 
IC 4601b 
o Scorpii 

IC 4604 
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| SCURA | SourcEet 
Story Bees 
| 
—0.153 2 R 20 
+1.062 2 R 20 
+1.403 ° R 20 
+0. 102| 4 B 2 
+0.472|] 10 B 3 
+o0.178 7 | Ba 
+0.473} 8 | B3 
+TI.r72| 6 B 4 
+1.415} 6 B4 
+0.651 9 B 3 
+1.582 2 R 29 
—0oO.140 c B5 
—0.028} o B 5 
+o. 789] 4 B* 
+2.295 2 B * 
+1. 393 , | Be 
+0.992 & | BA 
+0.204, 7 5 * 
+0. 405 7 B* 
+0.495| 8 _ 
+1.318] 9 B* 
+0.374, 8 B* 
+o.505} 8 BR 
+o.204, 8 a 
+1.639/ 8 Be? 
+0.197} 3 B 
+0.274] 2 ag 
+0.197| 2 2 ie 
+o.104] 3 5B 
—0.201; 3 Be 
+o.098} 3 | B* 
—o.201| 3 |] B* 
+1 038) 0 | Bo 
+1.337} 0 B* 
—0.139] 6 || 
+1.092 5 Be 
+o.881 2 B* 
+0.477| 1 B* 
+0. 366 3 B 10 
+0.429} 3 B 10 
+1.724) Oo Bi 
+1.629} 5 B 12 
+0.603} 10 B 12 
+0.540} 10 B 12 
+1.577| 5 B 13 
+1.467| 10 B 13 








the Milky Way by E. E. Barnard; B* =unpublished photographs by E. E. Barnard, 








208 OTTO STRUVE AND HELEN STORY 








| | 
| | 


7 P| 

| LOG ay | 

oe . oe ~~ . s 
No. | Hit a : OBJECT | oi | my | | | SCURA- | SourcEt 

| | | Hubble | Story | ee | 
47 55 IC 4605 C | 4.7 | +1.372| +1.224] 10 | Bx 
48 56 NGC 6514 2 | ga7 « g12} 1.021] 3 | Bao 
BO = ./e:5 57 NGC 6523 | E 5-4 ° 931) 1.300] 3 B 30 
SOs. | 58 IC 4678 i a bTe:4 | <0 362| 0.125} 5 B 30 
ety... 590 IC 31274 | c | 87 | 0.431] 0.322] 7 B 20 
BQ | Oe NGC 6589 c | 9.8} o 191| oO 466| 4 | B a2 
53-----| 62 | NGC 6590 Cc | 10.5 | 0.234] 0 3906) 7 | B 32 
54.. | 63 | cc 1284 c , 2a “Overt  O,007) -7 | B32 
Ss. 64 | NGC 6611 Se | #31 8 699) 0.942} Oo | B 34 
56. | 65 |IC 1287 c | 6.1] 1.01} 0.942} 7 | B34 
or. | 68 | NGC 6888 E | 6.7] 0.665} 0.672} o | B43 
58. | 94 NGC 6914 a ( 8.9 | 0.239 0.190} 4 | B44 
59...--| 74 | y Cygni (ec) |) 3-0) 22762) “12600 6). |) ae 
60. | 76 NGC 7000 C+E | r8| 2.0gg] 2.52% 5 B 45 
Gr. | 97 | NGC 7023 |} C | 7.4] 0.627} 0.519] 9 R 22 
62.. | 78 | BD+57°2309 | ¢ | 6.5}| o 803} 0.740) 2 | B47 
i eee fm | BD+67°1332 | c¢ | 8.2] 0.514) 0.218] 1 | R22 
64.. | 81 | IC 5146 ) = 10.4] o 548) 0.723} 6 | Rig 
Ge... | 82 | NGC 7635 | E | 8.5 | +0.690} +0.580 1 | R2o 





relation between log a, and m, is practically the same for all four 
diagrams, agreeing with Hubble’s expression 


mMs+4.90 log d;=11.02. (1) 


Thus we find from the lower half of Figure 2, 


My+5.2 log a:=10.9. (2) 
It is evidently permissible to use the average expression 
my,+5 log a;,=11. (3) 


An inspection of the diagram shows that, on the average, there are 
more black spots in the two lower halves than in the upper. This in- 
dicates that the obscuration is greater for the c nebulae. This is 
brought out in numerical form in Table III. 

The average difference between c and e nebulae amounts to about 
two steps on our arbitrary scale. This would indicate that the ab- 
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sorption of the c nebulae is roughly 0.6 mag. more than that of the e 
nebulae. Thus, the efficiency of scattering of the former is markedly 
greater than that of the latter, which agrees well with the require- 
ments of the reflection theory 


TABLE II 


NEBULAE NOT INCLUDED IN HUBBLE’S LIST 








| 
No | Object | Sp. Neb | my | log ar Obscura- Source ft 
| | | | tion 
I | BD+23°507_—s| c 3.7 +o.840| 6 B4 
2 | BD+23°516 | c 2.6) 1.038 | 6 B4 
3 | BD+24°553 | c 5.8 0.473 | 6 B 4 
Aes | BD+23°524 sO c 8.6 0.697 | 6 B4 
5 | BD+23°541 | Cc 2.8 0.897 | 6 B 4 
6 | BD+ 28°645 | c . Pia i 0.378 6 B 5 
7 oe | BD+8°933 | c L “€o8 0.892 | 10 B 6 
8. | BD+12°801 Cc 7.4 0.682 10 B 6 
9 ..| BD+9°879 e , ga 1.177 | oO B 6 
10. .| BD+23°1301 sO c 7.0 O.49% | 3 B8 
11 | BD+10°1220 | e 4.44 1.715 | 4 L 28 
12 | BD+20°1293_ sO Cc 90.5 0.590} Oo Bo 
13 CD—23°5285_ | c 8.2 0.366} 6 B 10 
ra. | BD—22°1897_ | c 4.9 0.065 | 0 B 10 
15 | CD—24°12352 | eC 455 0.908 | I B11 
16 | CD—24°12354 | c 5.8 1.084 2 B it 
‘7. | BD—19°4357 | c 7.6 0.4067 | 9 B 12 
18 | CD—24°12684 | c | 8.3 1.101 | 10 B 13 
IQ. | CD—26°11350 | c | 2.57 1.949 7 | Br 
20 ..| CD—23°14005 | c 7.1 0.658 6 B 29 
21 | BD—16°4811_ | c 10.0 ©. 205 I B 31 
22.. | BD—16°4812 | ¢C 9.8 0. 286 I B 31 
23). | BD+17°3986 | e 10.7 0.593 | 3 B 42 
aa | BD+34°3830 | c 9.1 0.398 5 B 43 
25 | BD+56°2495_ | c | 7.0 | +0.678 ° B 47 
| 


t Source: B=Altlas of Selected Regions of the Milky Way by E. E. Barnard; L=photographs of the 
Milky Way and comets, by E. E. Barnard (Pub. Lick Obs., 11, 1913). 


Within each of the two lower halves of Figures 1 and 2 the scatter 
of the points in the diagrams results from (1) observational errors, 
(2) uncertainty in the value of the inclination to the line of sight of 
the line joining the star and the nebulous patch measured, and (3) 
differences in efficiency resulting from differences in the densities of 
the nebulae and in the albedos of their particles. Accordingly, we 
should expect the nebulae having greater obscurations to lie system- 
atically higher than those having smaller obscurations. The effect, 
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if present at all, is masked by other factors: a slight tendency in 
the required direction may be present in Figure 2, but it cannot be 


detected in Figure 1. 


~ Degree of Obscuration of Nebulae (1-10) Spectra Eande — 


} } | | } 


—_ Degree of Obscuration of Nebulae (1-10) Spectra Candc = 


mee 


Fic. 1.—Hubble’s relation in galactic nebulae and degree of obscuration 


It is more instructive to arrange the data according to groups of 
nebulae which are close together in the sky and therefore probably 
form physically connected systems. This has been done in Figure 3. 
The best groups of c nebulae are those in the Pleiades, near v Scorpii 
and near p Ophiuchi. Of these, the first shows definitely a departure 


indicating less than the average amount of efficiency, while the third 





} 
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shows exceptionally great efficiency. This agrees well with the fact 
that the obscuration is relatively small for the Pleiades and ex- 


a Degree of Obscuration of Nebulae (1-10) Spectra Eande ~ 
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Fic. 2.—Hubble’s relation in galactic nebulae and degree of obscuration 


ceptionally large for the region near p Ophiuchi. For these two ex- 
treme groups Hubble’s relation takes the form: 


Pleiades: m,+5 log a,=8.5; (4) 
p Ophiuchi: m,+5 log a;=12.0. (5) 


The other groups give intermediate values. Some of them consist 
completely or in part of e nebulae and are therefore not relevant. 
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N 
i 
No 


Thus the nebulae in the Orion, Sagittarius, y Cassiopeiae and 15 


Monocerotis groups contain emission spectra. 


TABLE III 


DEGREE OF OBSCURATION IN ¢c AND e NEBULAE 








| | 
| 


Degree of No. of | Percentage | No. of Percentage 


Obscuration | @Neb. | of e Neb. Cc Neb. | of ¢ Neb. 


From Figure 1f 








O, I 0 35 5 9 
ae oe = 8 47 22 2 
hy ae 2 12 19 30 
Qg, IO : I 19) 7 13 
Total... 17 | 100 53 | 100 
From Figure 2+ 
O, I Hane ? 33 | 10 14 
2, 3,4, 5----: 10 48 24 33 
Rs a > See 3 | 14 28 38 
a te ere I 5 Il 15 
rr ; ; : | 
Yotal.. ae 21 | 100 73 | 100 
| | 
! 
t Several nebulae, the spectra of which are uncertain, were counted twice. 
Three objects not given in Table I were used in Fig. 1 from Hubble’s data of log a: 
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Fic. 3.—Hubble’s relation in groups of galactic nebulae and degree of obscuration 
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THEORY OF NEBULAR SCATTERING 

Since the mechanism of nebular radiation was not known when 
Hubble’s papers appeared in 1922, the best assumption that could 
be made was that the nebula re-emitted the light received from the 
stars uniformly in all directions. This assumption is probably ful- 
filled in the case of e nebulae, but it does not apply to c nebulae. 
Zanstra assumed for the c nebulae that they re-emitted the starlight 
uniformly into a solid angle 2 7. Hence, all surface brightnesses on 
Zanstra’s theory were twice as luminous as on Hubble’s theory. If 
there is no absorption of starlight between the star and the nebular 
patch measured and if the nebula reflects uniformly in all directions, 
the surface brightness at maximum angular distance from the star 
is my +5 log a,+11.64, expressed in terms of the apparent magnitude 
per square second of arc. On Zanstra’s assumption, the surface 
brightness is my +5 log a,+10.89. The surface brightness selected in 
Hubble’s work was 23.25 mag. per second of arc. 

Since an effort had been made in Hubble’s measures, and also in 
those made by us, to measure for a, the maximum distance of the 
faintest visible patches of nebulous matter, the true value of the nu- 
merical constant in the surface brightness should not be computed 
for the mean value of r sin a, where a is the phase angle. The differ- 
ence between the constant for (7 sin a) max. and (7 sin a) mean is 
5 log t/4=0.52 mag. in the numerical constant, according to Zan- 
stra. Since, however, “in each case the maximum a was consciously 
sought,’"* the true corrections should be considerably smaller, and 
probably would not exceed 0.1 or 0.2 mag. Without more specific 
information concerning the number of nebulous patches having the 
limiting surface brightness it is not possible to derive this correction 
accurately. 

We shall now apply to the problem the theory of Seeliger, which 
promises to give useful results because of its remarkable success in 
the interpretation of the photometric observations of the rings of 
Saturn. In order to bring out the differences of the results based on 
the theory of Seeliger from those of Hubble and of Zanstra, we shall 
follow their assumptions as closely as is possible. The most impor- 


«" Hubble, ibid., p. 412. 








214 OTTO STRUVE AND HELEN STORY 


tant of these is that there is no appreciable reduction due to absorp- 
tion in the amount of starlight reaching the nebula. Accordingly, we 
shall picture the nebula as consisting of detached masses, scattered 
at random in space, so that if we select a constant surface brightness 
and consciously seek the most distant spot, we shall presumably 
select one for which the starlight has suffered no absorption by inter- 
vening patches and for which the value of 7 sin a is near its maximum 
value. We shall next assume that the nebulous patch is opaque, 
which corresponds to Hubble’s assumption that the efficiency is per- 
fect. This is approximately verified by our former results on the 
amount of obscuration associated with the c nebulae. We shall not, 
however, assume that the albedo is 1. 

For convenience in applying Seeliger’s theory we shall assume that 
the nebulous patch is spherical. Then we may apply Seeliger’s ex- 
pression for the surface brightness of the nebula: 


te ee, (6) 
r? COS 1-++COS € 

Here J, is the surface brightness of the star, expressed as the equiva- 
lent number of stars of magnitude o per square second of arc; S is 
the radius of the star in linear units; r is the distance between star 
and nebula in the same units; 7 is the angle of incidence; ¢€ is the 
angle between the line of sight and the normal to the particular spot 
on the nebula under observation; ¢ (a) is the phase function; and p 
is the albedo of the nebular particles. J is also expressed as the 
equivalent number of stars of magnitude o per square second of 
arc. 

As Seeliger has pointed out,"’ equation (6) represents the bright- 
ness of a smooth solid body whose surface obeys the law of diffuse 
reflection of Lommel-Seeliger and whose albedo varies as y (a). The 
brightest spot on a sphere obeying the Lommel-Seeliger law is on the 
light equator, near the positive limb,'4 where cos i/(cos i+cos €) =1 
and where the surface brightness is twice that observed in the center 

2 For the definition of p see Schénberg, op. cit., p. 162. 

13 Sitzungsberichte d. Akad. d. Wiss., Miinchen, Heft III, p. 272, 1901. 


14G. Miiller, Die Photometrie der Gestirne, p. 72, 1897. 


ee 
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of the sphere ata=o This value remains constant for all values of a 
(except when a=o). We shall assume, therefore, that we have al- 
ways observed the brightest spot on each spherical nebulous patch, 
and that its surface brightness is 


iS 
=? — a), (7) 
Yr 
We notice that 7 S?/r?=w is the solid angle under which the star is 
seen from the nebula. Substituting 


ATs 


aa 
41, 253X604’ 

where w, is the solid angle in square seconds of arc, under which the 

star is seen from the nebula, we have 


4 Dp 


41, 253 X60! si # ach (8) 





I=p 


Here w, is the solid angle in square seconds of arc under which the 
star is seen from the earth, and D is the distance of the star from the 
earth. Jw, is the total brightness of the star as seen from the earth. 
Passing now to stellar magnitudes, we find 


Mneb= My+5 log a, +10.1—2.5 log py(a) sin’? a. 
Assuming again that m,. = 23.2, we obtain 
my+5 log d,=13.1+2.5 log py(a) sin? a. (9) 
Combining (9) and (3), 
log pg(a) sin? a=—o.8. 
If we assume that we observe at a=go°, and that ¢ (a) =cos? a/2, 


g(a)=0.5; sin? a=1; and p=o.3. 
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This value is, however, too small because it also includes the effects 
of any departures from perfect opacity, as well as from a=go’. Al- 
lowing o.1 mag. for the effect of foreshortening, 


which now includes only the albedo and the departures from com- 
plete opacity. This value seems entirely reasonable. 
The two extreme values represented by (4) and (5) give: 


Pleiades: p=o0.03 (uncorrected for sin? a) ; 


p Ophiuchi: p=o.7 (uncorrected for sin? a) . 


The difference between the two values must be attributed, of course, 
to departures from complete opacity in the nebula of the Pleiades. 
Our result for the Pleiades is quite similar to that obtained by 
Hertzsprung.* The value of 0.7 for the region near p Ophiuchi seems 
too large: a value of 0.1 to 0.3 would be more reasonable. The de- 
parture is not serious, and may be caused by errors of observation or 
by the influence of the highly absorbing masses upon the values of 
m,,. It should be possible to test the latter because the stars are all 
bright and their distances are fairly accurately known. A photo- 
metric study of the distribution of the light of the nebula should also 
be useful in deciding whether the stars are in front of the nebula or 
are situated in it. 

It will be seen that the constant in equation (9) differs from that 
of Hubble by 2.5 log 4 and from that of Zanstra by 2.5 log 2. In 
other words, Seeliger’s theory makes the surface brightness of the 
nebula four times greater than the simplified theory by Hubble. For 
different values of a, however, the surface brightnesses, according to 
Seeliger’s theory, depend upon the form of ¢ (a). Thus, on the as- 
sumptions of Hubble and of Zanstra, all nebulae for which J, = 
const. are at the same distance from the star. On Seeliger’s theory 


the distance r is given by 


le 
r=4/—— Vo(a). 
? ‘z. g(a) 
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For Euler’s expression of ¢ (a), 


r= : if a=o, 

Tneb 
] } 

paieask ~- a=go°, 
V2 Vineb 


r=o if a=180°. 


The locus of constant J,., is, therefore, a roughly heart-shaped sur- 
face of rotation. Since the nebulae are distributed, by assumption, 
at random in space, the distribution function of the 7 sin a and the 
mean r sin a can be computed, but it would only be of use if we could 
actually observe this distribution." 

Incidentally, Seeliger’s theory shows that the maximum value of 
a, is not measured for a =go°, as would be true under the simplifying 
assumptions of Hubble and of Zanstra. To determine (7 sin a) maxi- 
mum, we must know the form of ¢ (a). Let us first assume Euler’s 
law 


a 
¢g(a)= cos’? 
> 


Then the maximum value of 7 sin a is obtained from 


d(r sin a) | 


’ 


da 
which gives 


tga tg = a. 


This is satisfied for approximately a=70°, so that in equation (9) 
sin? a=o.89, which does not appreciably alter our results, because 
at the same time ¢ (a) =0.67, and their product is 0.60, instead of 
0.50 as for a=go’. 

5 Professor Walter Bartky has recently succeeded in deriving an expression for this 
distribution, under the assumption that the phase function is that of Euler. His data 


indicate that the mean value of 7 sin a is very close to the maximum, and that the dis- 
persion resulting from different values of the phase angle may be neglected. 
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The use of Lambert’s law 


_ sin a+(m—a) cos a 
Tv 





g(a) 


leads to a maximum value of 7 sin a at about a=62°, in which case 
sin? a=o.78 and ¢ (62°) =0.45. In this case the effect upon the re- 
sult would also be small because the product of the two factors 
is 0.35 instead of 1/7 as for a=go°. Unfortunately, we have no 
knowledge of how closely the measures do approach the maximum 
in the distribution of the values of rsin a. It is of interest, however, 
to notice that, in general, the measured points must lie behind the 
star.” 

The application of Seeliger’s theory appears to be entirely success- 
ful. However, the limitations of the method imposed by the assump- 
tion that the nebula consists of separate masses distributed at ran- 
dom in space and that there is no absorption of starlight by inter- 
vening nebulosity make it unprofitable to refine the work. It seems 
more promising to investigate individual nebulae whose appearance 
suggests a definite model. For example, the nebulae in the region of 
p Ophiuchi are obviously produced by scattering from a more or less 
continuous mass of opaque matter, by stars either located in front 
of the nebula or slightly involved in the nebulous matter. A photo- 
metric study of this region, supplemented by a determination of the 
polarization and by a study of the color indices of the nebulae illumi- 
nated by stars of different spectral types, is now under way. 

YERKES OBSERVATORY 
May 1, 1936 

© It should be emphasized that the value of g(a) for a=go° is equal too.5 only on the 

basis of Euler’s function. For the law of Seeliger we have ¢(g0°) =0.38 and for that of 


Lambert ¢(90°) =0.32. The choice of the correct expression depends upon the prop- 
p I p pro} 


erties of the reflecting surfaces. 


REFLECTION NEBULAE 
OTTO STRUVE, C. T. ELVEY, AND F. E. ROACH 


ABSTRACT 

In order to test the reflection theory of galactic nebulae having continuous spectra, 
observations were made, with a Schmidt camera, of the nebulosities in the dark cloud 
in Scorpius and Ophiuchus. A large red nebula was found, extending about one degree 
to the north from Antares and only a few minutes of arc to the south. The color index 
of this nebula is about +1.9 mag., which agrees satisfactorily with the color index of 
Antares. The average color index of the nebulae surrounding the B stars a Sco, 22 Sco, 
— 24°1 2684, v Sco, and p Oph is —o.4 mag., which is also in good accord with the color 
indices of these stars. The color index of the night sky was found to be about +0.5 
mag. The color index of a nebula near y Cyg is —o.2 mag., which is much bluer than this 
F8 star. Perhaps this is a case of Rayleigh scattering. There can be no appreciable 
Rayleigh scattering in the nebulae in the Scorpius-Ophiuchus region. 

A small amount of radial polarization was found in the nebula surrounding p Oph. 

1. The reflection theory of galactic nebulae having continuous 
spectra rests upon the following data: (a) Slipher’s observations of 
the spectra of several nebulae, which he found to be identical with 
the spectra of neighboring stars; (b) Hubble’s and Zanstra’s statisti- 
cal discussions of the former’s measures of the maximum distances 
between exciting stars and nebulae; (c) Struve, Elvey, and Keenan’s 
spectrophotometric results for the nebulae in the Pleiades which re- 
vealed that these nebulae are very slightly, if at all, bluer than the 
stars, while Rayleigh scattering demands a difference of about 1 mag. 
in the color equivalents; (d) Struve and Story’s correlation between 
the opacity of the nebula and its efficiency in scattering the light of 
the illuminating stars. 

This evidence proves fairly conclusively that the mechanism of 
nebular luminosity is to be found in some form of scattering. How- 
ever, except for the spectrophotometric observations of the nebulae 
in the Pleiades, we have no indication of any sort of the character of 
the scattering medium. The problem is obviously related to that of 
the nature of interstellar material in general. If it can be shown that 
the nebular particles are large enough to produce primarily non- 
selective effects, the way will have been prepared for an application 
of Seeliger’s theory. In that case a search for phenomena depending 
upon the phase function will be appropriate. On the other hand, if 
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the nebular particles are predominantly small enough to produce se- 
lective scattering, future methods will have to follow those lines of 
investigation which have been applied by Schalén, Schénberg, Jung, 
Mrs. Rudnick, and others to the problem of interstellar reddening. 

In order to decide which of these two lines of attack will have to 
be adopted, we shall attempt to answer the following questions: (a) 
Are there any nebulae which are obviously connected with stars of 
advanced spectral type, and are these nebulae definitely redder than 
those which are connected with stars of early spectral type (but not 
of spectral type earlier than Br, since then the nebular spectrum 
would not be continuous)? (0) Are the color indices of the nebulae 
identical with those of the illuminating stars? (c) Is there any evi- 
dence of radial polarization in these nebulae? 

Questions a and 6 are not identical. It is much easier to measure 
the difference in the color indices of two nebulae than to measure the 
difference between the color indices of a nebula and its exciting star. 
An answer to question a would not definitely rule out selective ef- 
fects; for example, Rayleigh scattering would make all nebulae bluer 
than their exciting stars but would leave the difference in color index 
between the nebulae and the stars about the same. 

The problem of polarization in nebulae has heretofore been in- 
vestigated only by Meyer." However, of the objects in his list, only 
one—namely, Hubble’s variable nebula—can be regarded as a true 
reflection nebula. The others are spirals, irregular emission nebulae, 
and planetaries. In Hubble’s nebula Meyer suspected a small 
amount of polarization, but the evidence was inconclusive. The mi- 
crophotometer curves (which apparently were not reduced into in- 
tensities) show a slight effect in the expected direction, but the illus- 
tration shows no visible difference between the two photographs. 
Unfortunately, this particular nebula extends to only one side of the 
exciting star, and even there over a narrow range in angle. Accord- 
ingly, two photographs taken with the polarizer in two orientations, 
one perpendicular to the other, will show but little difference even if 
the light is partly polarized. 

2. Hubble’s list of nebulae contains several which are fairly defi- 
nitely connected with stars of late spectral type. Some of these are 


t Lick Obs. Bull., 10, 68, 1920. 
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now being investigated at the Yerkes Observatory by Mr. O. C. 
Collins. For the purpose of the present investigation we have select- 
ed the nebulosities near p Oph (Bs5), 22 Sco (B3), o Sco (Br), etc., 
which have been photographed by Barnard and also by Ross. These 
nebulae are obviously connected with the large dark cloud which has 
recently been investigated by R. Miiller,? from star counts. Bar- 
nard’s photograph shows a faint nebulosity around Antares, which 
extends mostly toward the north and envelops the globular cluster 
NGC 6144. In his earlier Lick photographs? Barnard attributed 
the glow around Antares and 7 Sco to halation. However, in his 
Milky Way Atlas he writes: ‘“‘The nebulosity extends southward 
(from 22 Sco) in wave-like forms over Antares and even beyond 
r Scorpii. .... a Scorpii is involved in a very dense mass which con- 
nects with the fainter part of the great nebula.”’* An inspection of 
Ross’s recent photograph’ of the same region leaves no doubt as to 
the reality of the faint nebula north of Antares and strongly sug- 
gests that it is connected with the dark cloud of the Scorpius-Ophiu- 
chus region. 

If the reflection theory is correct, the nebula, illuminated by the 
cMo star Antares, must be strikingly red in color. 

The photographs shown in Plates V-IX were made at the McDon- 
ald Observatory with a Schmidt camera of 94-mm aperture and 
180-mm focal length. The optical parts, consisting of a silvered 
spherical pyrex mirror and a correcting plate of UV Jena glass, were 
made by Mr. C. H. Nicholson of Chicago, while the mechanical parts 
shown in Figure 1 were designed by Dr. G. W. Moffitt. The scale of 
the original plates is about 20’ per millimeter. The size of the field is 
9X18 mm. The instrument is intended to serve as a short-focus 
camera for the new Cassegrain spectrograph, and, consequently, no 
provision has been made for curving the plates. The focus is a com- 
promise between center and edge. It is exceedingly sharp, and on the 
original plates taken without a filter the size of the fainter star 
images is quite similar to that of the grain of the plate. 

2Zs.f. Ad., 3. 360, 1931- 

3 Pub. Lick Obs., 11, Pl. 36, 1913. 

4.4 Photographic Atlas of Selected Regions of the Milky Way, P|. 13, 1927. 

5 Atlas of the Milky Way, Pl. 5, 1934. 
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Each field was taken on an Eastman Process plate without a 
filter and on an Eastman IG plate with a gelatin “minus blue’”’ filter. 
The exposures ranged from one hour to ninety minutes. The density 
of the sky background was made approximately equal on the Process 
and the IG plates. 

The existence of a strong red nebula near Antares is clearly shown 
on the photovisual exposures (Pls. V and VI). The nebula envelops 
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Fic. 1.—Schmidt camera of the McDonald Observatory, designed by Dr. G. W. 
Moffitt. The aperture is 94 mm and the focal length is 830 mm. The arrow points to the 
loading device. 


Antares and extends in a diamond-shaped form for more than a de- 
gree toward the north, where it almost reaches 22 Sco. It definitely 
extends into the regions of obscuration of the dark cloud. The nebu- 
lae near 22 Sco, and especially near o Sco, are much weaker on the 
photovisual plate, indicating that they are appreciably bluer than 
the sky background. The nebula near the star — 24°1 2684 is possibly 
a little less blue than the other two nebulae.° 

® The measures in Table I seem to indicate that the nebula near — 24°1 2684 is the 
bluest of all. This result is somewhat uncertain, however, and the qualitative impres- 
sion from a visual inspection of the plate is probably more reliable. 
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Plates VII and VIII show that the nebula near v Sco is exceedingly 
blue, as is also the nebula around p Oph. The nebula near the A and 
Bo stars —19°4361 and — 194359 is not quite so blue, while the 
faint trace of nebulosity around the K star —19°4357 is slightly 
stronger on the photovisual plate and is therefore probably a trace 
redder than the sky. 

Of very great interest are the dark cores in the starless regions ex- 
tending toward the east from — 24°12684. These cores are consider- 
ably darker than other starless regions in their vicinity. The opacity 
of the material is therefore approximately the same, and the differ- 
ence in surface brightness is related to the phenomenon mentioned 
in our discussion’ of B15. Plate VIII shows that the dark cores and 
the surrounding brighter regions are equally well visible on the pho- 
tovisual and on the photographic exposures. The cosmic illumina- 
tion giving this effect of contrast is, consequently, of approximately 
the same color as the night sky. 

3. Very little is at present known concerning the color of the 
night sky. Lord Rayleigh® found it to be similar to that of the sun. 
Similarly, Dufay? concluded from his observations that “the color 
of the night sky resembles that of the sun much more than that of 
the blue daylight sky.”’ 

Observations made by us on three nights with the Schmidt camera 
(on Mount Locke) give for the region near the North Pole an aver- 
age color index of +0.5 mag., corresponding approximately to spec- 
tral type F5. Rayleigh’s formula shows that the color index of the 
blue sky is in the neighborhood of —o.2 mag., which would corre- 
spond to spectral type B. 

From one night’s observations obtained at the Yerkes Observa- 
tory by Mr. A. H. Mikesell with the Fabry photometer, Mr. Collins 
finds for the night sky a color index of +0.6 mag. 

It is probable that this important astrophysical quantity is vari- 
able, both with respect to the time and with respect to the region of 
the sky examined. However, we shall adopt the value +0.5 mag., 
which is doubtless fairly close to the correct value. 

7 Ap. J., 83, 162, 1936. 

8 Proc. R. Soc., 99, 10, 1921. 

9 Bull. de l’Obs. de Lyon, 10, No. 9, 1928. 
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4. All our nebular plates were supplied with sensitometer ex- 
posures, so that characteristic curves were available for the deriva- 
tion of the differences between the surface brightness of the sky and 
of the nebulae. Table I gives the results of the measurements, which 
in each case refer to the most conspicuous portion of each object. A 
positive sign in the last line means that the object is yellower than 
the sky; a negative, that it is bluer. On the average, the red nebula 
near Antares is 0.4 mag. redder than the sky, while the nebulae il- 


























TABLE I 
Z “a | meas 
: 5 , . - - | Core of 
Nebula Near Near Near Near Near Near | Dark 
— a Sco o@ Sco | 22Sco | —24°12684 v Sco p Oph | 
| Nebula 
a oe ; —— Secreta - 
Neb Sie pg. | +o™18 +o™40 | +o™66 +o™4o +o™30 +0™31 | —o™o8 
ee soi + 2614 30) + 07 | + 112] + .16] 05 
| | 
Difference +o.40 | —o.16 | —0o.36 —0.33 | —0.19 | —0.15 | +0.03 





luminated by B stars are 0.24 mag. bluer. These values must be cor- 
rected for the effect of superposition with the night sky, which is 
quite appreciable for such faint objects. The result, freed from the 
skylight, must then be corrected to fit the international scale. Table 
I gives us the values of Am,, and Am,,. From these we compute 


: Ineb+ Isky 


2.5 log =Am ; 


Isky 


Ineb _ InebtIsky _ I 
Isky Usky 


’ 


Ineb 
Amcorr= 2.5 log ; 
Isky 


The results are given in Table II. For a very rough computation 
the conversion factor to the scale of the International System was 
assumed to be 1.0. 
The agreement of the spectral types with those of the illuminating 
stars is quite within the rather low precision of the measurements. 
We now understand why Barnard found that “all the nebulosity 


in this region .... is so faint that it cannot be seen with the eye 
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PLATE V 


Antares NGC 6144 


<o Sco (Br) 


<a Sco (Br) 








i 
Antares (cMo) 


RED NEBULA NEAR ANTARES 
The red nebula is clearly shown on the photovisual exposure obtained with an Eastman IG 
plate and yellow filter. Only a faint trace of this nebula appears on the ordinary photo- 


graphic exposure obtained with an Eastman Process plate. Enlarged 7.4 times. 
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PLATE VI 


22 Sco (B3)— 24°12684 (E3) 
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<—clear film 


<—o Sco (Br) 
<—NGC 6144 
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Antares M4 
(cMo) 


NEBULAE IN THE REGION OF 22 SCORPII 
At the bottom is the red nebula near Antares. The blue nebulae 
around 22 Sco, ¢ Sco, and — 24°12684 are much stronger on the photo- 
graphic (Eastman Process) than on the photovisual (Eastman IG and 
yellow filter) exposure. These photographs should be compared with 
Plate XIII of Barnard’s Atlas. The black corners show the clear film of 


the plates. Enlarged 6.5 times. 
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PLATE VII 


v Sco (B3) 
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(B3) 


NEBULAE NEAR v SCORPII 


Inlarged 7.3 times 
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PLATE VIII 


p Oph (Bs) 




















| | 
22 Sco (B3) —24°12684 (B3) 


NEBULAE NEAR p OPHIUCHI 
The dark lanes extending toward the east from —24°12684, and toward the north and 
northeast from 22 Sco are equally visible on the two exposures. The straight black lane 
at the top of the photographic exposure is spurious. Enlarged 6.4 times. 
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even in a powerful telescope.”’ The average difference between the 
nebulae illuminated by the B stars and the sky is less than 0.2 mag. 
on the photovisual plates. It is surprising that there have been no 
previous visual observations of the red nebula near Antares. An ex- 
amination of the field with a powerful Zeiss binocular showed an un- 
mistakable brightening in the region of the nebula. However, the 


TABLE II 


Red Nebula Blue Nebulae 


near Antares near B Stars 

Amp, . +o.18 +o. 41 

Fv. > Uncorr. ie By. 
AmMpv “FO. 53 +o0.18 
Amp; . 1.8 — a" 

"eS Corr. . 
Amp» 0.4 ~r.8 
Difference. . +1.4 —s 
Color index of sky +0. 5 +0.5 
Color index of nebula 1.9 —=—O-4 
Corresponding spectral type M B 


presence of Antares is somewhat disturbing, and it is best to place 
it behind some sort of an obstruction. The nebula is then fairly 
easily visible. 

The fact that Antares is now definitely linked with the dark nebu- 
la around p Oph is of considerable importance. Schlesinger gives the 


following parallaxes for Antares: 


Trigonometric 7=-+07%028 


O 
oO 


Spectroscopic 7 


Dynamical t= -+0.0016 


The dynamical parallax is doubtless too small. The distance is 
probably about roo parsecs. This agrees well with the distance of 
the nearer edge of the dark nebula found by R. Miiller? to be about 
100-150 parsecs. It is of interest that the red giant Antares and the 
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normal B stars p Oph, o@ Sco, 22 Sco, — 24°12684 are all at approxi- 
mately the same distance. It would be dangerous, however, to draw 
from this any conclusions concerning the absolute magnitudes of 
these stars, because some of them may be appreciably dimmed by 
nebulous matter. The peculiar ring-shaped nebulosity around 22 Sco 
suggests that the star shines through the nebula, and that the ab- 
sence of bright nebulosity in the immediate vicinity of the star is 
caused by the phase effect. 

The dynamical parallax of p Oph, +07%o15, is probably approxi- 
mately correct. 

Two globular clusters, NGC 6121 (M4) and NGC 6144, are in the 
field. The former lies outside the red nebula, at a considerable dis- 
tance from the edge of the dark nebula. The latter is distinctly en- 
veloped by the red nebula, and it almost certainly shines through 
some of the thinner portions of the dark nebula. Stebbins and Whit- 
ford’® find color excesses of +0.22 mag. for NGC 6121 and +0.15 
mag. for NGC 6144. It is probably fair to conclude that the presence 
of the red nebula does not materially affect the color index of the 
cluster. Whether the total light of the cluster is appreciably dimmed 
is not known." 

5. In a manner similar to that described above we have obtained 
from two pairs of plates the color index of the nebula near BD + 
39 4206, which is almost certainly related to y Cyg (Sp. F8p). 

The final color index of the nebula is —o.2 while that of a normal 
giant F8 star is about +0.5 mag. An inspection of the plates shows 
clearly that the nebula is much bluer than the background of the 
night sky. In view of the decisive character of the results for the 
red nebula near Antares, we are inclined to suggest that the constitu- 
tion of the nebula in Cygnus is different from that of the one in 
Scorpius. In the former the obscuration is small, while in the latter 
it is very large. In view of the symmetry of the nebulae around 
y Cyg, it is hardly possible to doubt that this star is responsible for 
the light of these nebulae. Possibly the Cygnus nebulae consist of 
particles small enough to give Rayleigh scattering (Table III). 

6. Four pairs of plates have been obtained during the month of 


10 Ap. J., 84, 132, 1936. (On this scale Ao-Ko=o0.74 mag.) 


" H. Shapley, Star Clusters, p. 22, 1930. 














PLATE IX 





b 














POLARIZATION IN NEBULA NEAR p OPHIUCHI 


The two exposures marked a were taken with the principal axis of the Polaroid in a vertical 
orientation. The two exposures marked 6 were taken with the principal axis of the Polaroid 
horizontal. The principal difference is in the tail-shaped extension pointing south from p Oph; 
it is fairly strong in 6, but is almost absent in a. (Cf. Fig. 2.) Enlarged 6 times. 
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July for the purpose of testing the polarization of the nebula near 
p Oph. Plate [IX shows some of the results. An unlaminated piece 


TABLE III 














July 20, July to, 


Mean 
1936 1936 

An 5 
PO \ Uncorr.......... ee TO. 40 +0. 30 +0. 35 
Ampv J +0.15 +o. 21 +o.18 
Am = EEN CES _ 5 
ed DO) ce ren ee | ie 
Ampv } eri. ee rae — 9 76 

DRE MRU IRIN foro 5 ows gies wish wv leas Geel ie ; Se Desk taraneth ies —0.7 

Color index of sky........... Bel een ee eres nee +0.5 

Color index of nebula........ Fea, SR eee oUtcoaes .| 0.2 














of “Polaroid” film was fastened to the plate in the Schmidt camera. 
In (a) the principal axis was perpendicular to the equator; in (8) it 
was parallel to the equator. " , 

If radial polarization is pres- 
ent, those features of the neb- 
ula should appear strength- 
ened in (6) which have the 
same right ascension as p Oph, 
while in (a) those will be 
strengthened which have the 
same declination. This was 
found to be actually the case. 





Fic. 2.—Polarization in the nebula near 
Figure 2 shows the principal » Ophiuchi. The straight lines indicate the 
positions of the principal axis of the Polaroid. 
ics ‘ The tail-shaped extension, marked by arrows, 
(b). The amount of polariza- is much more pronounced in (b) than in (a). 
tion is relatively small, but no This suggests that the light of the nebula is 
partially polarized along the radius. (Cf. this 
drawing with the photographs in Plate IX.) 


differences between (a) and 


numerical estimate is possible. 
It is certainly smaller than the 
maximum polarization of the solar corona,” which is about 37 per 
cent. The transmission of the ‘Polaroid”’ is rather small in the photo- 
graphic region. The exposure times on Eastman I O plates averaged 


2R. K. Young, Lick Obs. Bull., 6, 166, 1911. 
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two hours, while ten minutes would have been sufficient without the 
“Polaroid.” This corresponds to a ratio of 12, or to Am=2.7 mag. 
Since the IO emulsion is sensitive slightly beyond \ 5000 and the 
“Polaroid” cuts off quite rapidly in the blue and violet, the effective 
wave-length of the plates is probably near X 5000. For this region 
Ingersoll, Winans, and Krause’ find a transmission for unpolarized 
light of about 25 per cent. The same authors find that the degree of 
polarization at \ 5000 is somewhat greater than go per cent. 

The existence of a small amount of polarization in the nebula 
around p Oph not only confirms the reflection theory but also 
strengthens our belief that the particles in this dark cloud are rela- 
tively large in size. Were Rayleigh’s law exactly obeyed the polari- 


zation would have been much more conspicuous. 


Miss A. Friedman assisted in the measurements. 


YERKES OBSERVATORY 
UNIVERSITY OF CHICAGO 
AND 
McDoNALD OBSERVATORY 
UNIVERSITY OF TEXAS 


13 J. Opt. Soc. Amer., 24, 233, 1936. 


THE SYSTEM OF POLARIS 
B. P. GERASIMOVIC 


ABSTRACT 

Determinations of a and 6 of Polaris made at Poulkovo, Washington, and Greenwich 
reveal an irregularity in the proper motion having a period of about 30 years, closely 
corresponding to the period of y in the spectroscopic orbit. These give the following 


orbital elements of Polaris with respect to the center of gravity of the system a” = 
o” 11, i= 63°, and 22=147°. A new spectroscopic orbit of long period in conjunction with 
the foregoing value of a’’ gives r=0"025 and Mvis= —o.9. The visual absolute magni- 
tude of the secondary derived from the mass-luminosity relation is +1.3, and its mass 
is 2.40. 

Polaris is a well-known Cepheid with an abnormally small varia- 
tion in light and in velocity. Its visual range is only 0.08 mag., 
while the range in velocity does not exceed 6 km/sec. According to 
the period-luminosity relation, to a period of 34968 there corresponds 
a visual absolute magnitude of —1.6 and a parallax of 0018, which, 
being six times larger than the adopted trigonometric parallax, is 
only slightly larger than the mean spectroscopic parallax (o%o14, 
Mount Wilson). 

Since its discovery by W. W. Campbell, the variation in radial 
velocity during the four-day period has been thoroughly investigated 
both at Poulkovo and at Mount Hamilton. During the last 28 
years Dr. Belopolsky’ has derived 16 “orbits” for separate yearly 
cycles of observation, and has proved that the velocity curve under- 
goes some important progressive changes. At the same time the Lick 
observers secured seven hundred spectrograms and published some 
partial results of great interest. Campbell found that y is variable, 
which indicated that Polaris is either a triple system or a real binary 
with a Cepheid-like bright component. On the basis of the first 
oscillation period of y announced by Campbell in 1910, L. Cour- 
voisier? found from the Poulkovo observations of a and 6 a long- 
period oscillation (P~1o years) in the mean place of Polaris. This 
result led me to undertake a special investigation of the Poulkovo 

1Zs. f. Ap., 5» 204, 1932. 


2A.N., 203, 85, 1917. 
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fundamental observations of the last century, which did not reveal 
periods of either 10 or 8 years in the mean places of Polaris.’ 

Since that time new extended series of spectroscopic observations 
of Polaris have been made both at Mount Hamilton and at Poul- 
kovo, which proved that the period of y is considerably longer than 
had been supposed. From the Lick data Moore found the period 
to be 29.6 years, and he derived the elements of the long-period orbit 
of Polaris,* this result being fully substantiated by Belopolsky.‘ 
Moore’s period and the observed range in y of about 8 km/sec, in 
conjunction with the Cepheid parallax of Polaris, correspond to an 
angular radius of the orbit of the bright component of about 071 
(for 7=45°) or more. Oscillations of this size should certainly be 
noticeable in the best series of numerous observations of Polaris 
made at Washington, Poulkovo, and Greenwich, and the detection 
of these oscillations would be interesting from various points of view. 
It would afford a unique occasion for determining the parallax of a 
Cepheid in a direct way, avoiding the spectroscopic and the Cepheid 
parallaxes, which, in the case under consideration, differ system- 
atically from the trigonometric parallax. This would prove that 
Polaris is a binary, one component of which is a Cepheid—a rather 
curious mechanical system. On the other hand, Polaris is one of the 
most’ important fundamental stars (especially for the azimuth de- 
terminations), and the oscillations in its a and 6 are by no means 
harmless to fundamental astronomy. 

Oscillations in the mean places of Polaris.—Having in view the 
smallness of the expected changes in both co-ordinates, and taking 
into account the high declination of Polaris, it did not seem advisable 
to use the classical method of investigating variable proper motions, 
so brilliantly developed by Auwers. In the case of Polaris the only 
way open was that of using long series of the best observations, de- 
riving from them portions of the curves of a—a, and 6—6, and then 
properly adjusting these in case of the reality of the long-period 
oscillations. The Poulkovo and Washington data (‘‘positions iso- 
lées’’) are given reduced to the system of a corresponding catalogue, 


3A.J., 35, 181, 1924. 
4 Pub. A.S.P., 41, 254, 1929. 5 Op. cit. 
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smoothed and corrected for carefully investigated sources of errors. 
On the contrary, the Greenwich data are published in annual vol- 
umes of observations, not combined into catalogue form. Since ob- 
servations of a of such a circumpolar star are known to be less 
accurate than observations of 6, it seemed advisable to avoid the 
use of the a data, which are not combined in catalogue form. To 
exclude all kind of seasonal influences and errors (including the 
parallax and the inaccuracy of the aberration), only the annual 
means have been used in this investigation. To get rid of the errors 
depending upon the kind of culmination and of some unexcluded 
latitude variations, the means ‘“‘above the pole” have been com- 
bined with those “below the pole” with equal weights. 

The final annual means a—a,, 6—6, (ao, 55 are the mean data of 
the catalogue) can be considered as essentially free of seasonal and 
personal errors, the only remaining errors being progressive changes 
in personal equation, the inaccuracy of the constant of nutation and 
of the variatio annua. It should be, however, noticed that the last 
sources of error are easily controlled. In this manner the following 
fundamental series of observations have been investigated: 

Right ascensions: Poulkovo, 1845; Poulkovo, 1865; Poulkovo, 1885; Nikolaieff, 


1915; and Washington, 1915. 
Declinations: Poulkovo, 1865; Poulkovo, 1885; Washington, 1915; Greenwich 


annual data (1890-1913). 

' Figures 1 and 2 give full account of the results obtained. They 
leave no doubt as to the reality of the 30-year oscillations in 6, those 
in a being not so clear, although their existence cannot be doubted. 
The separate series of data are adjusted by adding certain constants 
to the values of a—a, and 6—6,. The detailed results derived from 
the analysis of the catalogues will be published in Poulkovo Circular 
No. 19. 

Orbit of the brighter component.—Plotting the x and y co-ordinates 
taken from the normal curves of Figures 1 and 2, it is possible to 
draw the apparent orbital ellipse. However, since the data of a—a, 
are very uncertain, it would be rather dangerous to give much 
weight to this apparent orbit and to derive from it the orbital ele- 
ments in the usual way. The best we can do is to deduce the mean 
separation of the bright component from the center of gravity, a”, 
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the inclination 7, and the longitude of the ascending node Q, which 
do not depend much upon the details of the curve of a—a, but only 
upon its range and general run. This gives 


a” =o"11 
i= 63° 
Q=147° 


The correctness of {2 can be indirectly checked by the spectro- 
scopic orbit, which (see below) gives 1900.6 as the time of the ascend- 


+0" 16 > 


oO 








— .08 
+ 
—o.16 T . 
$$} fp Ht 
1860.0 1870.0 1880.0 1890.0 
1889.6 1999.6 1909.0 1919.6 


Fic. 1.—Orbital motion in the declination of Polaris. The ordinates are adjusted 
values of 6—6o, the zero-point being arbitrary. The abscissae are phases in time, re- 
duced with Moore’s period of 29.6 years. +=Poulkovo, 1865; -=Poulkovo, 1885; 
s= Washington, 1915; o= Greenwich annual results (1891-1913). 


ing node, while the corresponding time from the visual orbit is 
1903.6 (or 1874.0). 

The spectroscopic orbit.—The final long-period spectroscopic orbit 
as based upon the Lick observations was published by Moore in 
1929.° In order to provide an independent set of elements I calcu- 
lated the orbit on the basis of the Poulkovo data as published by 
Belopolsky, which start from 1g00.2. Both sets of elements, as given 
in Table I, are quite similar. The value of the inclination gives 


© Op. cit. 








oT 








——— ot | 





) 


THE SYSTEM OF POLARIS 


bo 


a= 3.5 astronomical units (Lick) and 4.4 astronomical units (Poul- 
kovo). 

Parallax and masses.—The combination of the angular separation 
with the values of a gives for the parallax t =0"%031 (Lick orbit) and 
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Fic. 2.—Orbital motion in the right ascension of Polaris. The ordinates are ad- 
justed values of a—apo, the zero-point being arbitrary. The abscissae are phases in time, 
reduced with Moore’s period of 29.6 years += Poulkovo, 1845; -=Poulkovo, 1865; 
¢= Poulkovo, 1885; o= Nikolaieff, 1915; & = Washington, 1915. 


TABLE | 


THE LONG-PERIOD SPECTROSCOPIC ORBIT 


| Lick | Poulkovo 
| 
= y 
Period | 29°6 29*6 (assumed) 
, | 
4.05km | 4.35km 
¥ 0.63 | 0.50 
| ° 09 
w we ‘ 332.0 315-5 
f 1899.5 1899.8 
a sin i 3.1 a.u 3.9 4.U. 
m3 sin3 1(mi+m.)? . . 0.035 0.075 
sere ; - 17.4km | — 16.5km 


mt =0°025 (Poulkovo orbit). Both values are several times larger than 
the mean trigonometric parallax, which is much smaller than that 
derived from the period-luminosity relation with Shapley’s revised 
zero-point (7 =o%o18) and the recent Mount Wilson spectroscopic 
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parallax (7=0%014). The Poulkovo value of a (0%025) gives for 
the absolute visual magnitude M = —o.9, while the Cepheid parallax 
leads to M = —1.6. The difference of +0.7 mag. (which, incidental- 
ly, is close to the value of the zero-point correction as derived some 
years ago by the present writer) can result from (1) the inaccuracy 
of the observational data, (2) the zero-point correction, and (3) 
a deviation from the period-luminosity relation due to the individual 
properties of Polaris. 

The value of z as derived from the visual and spectroscopic data 
is sufficiently close to the Cepheid parallax. It should, however, be 
clearly stated that all these indirect values of the parallax can by 
no means be reconciled with the vanishingly small value (07003) 
of the mean trigonometric parallax, which leads to an impossible 


value, M=—5S.5. 

Adopting a=4.4 astronomical units (which is in better agree- 
ment with the period-luminosity relation than the value a=3.5 
astronomical units) we derive for the ratio of masses (brighter to 
fainter component) m,/m,= 2.2. On the basis of Eddington’s mass- 
luminosity curve, there corresponds to M=-—o.g a mass of m,= 
5.2, and therefore the mass and the absolute magnitude of the 
secondary are m,=2.4 and M,=+1.3, which give a difference in 
magnitude of about 2.2 mag., the apparent visual magnitude of 
the secondary being 4.3. If the spectrum of the secondary is 
later than that of the primary, this difference should be slightly 
larger (for instance, for type Ko by +0.21 mag.). Adopting M = 
—1.6, we get the same value of the apparent magnitude of the 
secondary. The maximum angular separation of the two compo- 
nents being between 0% 3 and 074, and the difference in magnitude 
being about 2.2, it is not impossible that the secondary could be 
observed visually. At present the secondary is not far from maxi- 
mum separation, which occurred at about 1933, its position angle 
(referred to the classical Polaris), being 297° for 1936.2. 

Poutkovo, U.S.S.R. 
March 1936 


RECENT CHANGES IN THE SPECTRUM 
OF y CASSIOPEIAE 


DEAN B. McLAUGHLIN 


ABSTRACT 

Beginning in October, 1935, the helium lines of y Cassiopeiae developed strong 
sharp absorptions, with distinct emission borders. Simultaneously, the central absorp- 
tion of the hydrogen lines exhibited a marked strengthening. The radial velocities of 
the hydrogen and helium absorptions are identical, within the error of measurement. 

Variations in the spectrum of this bright Be star have been 
the subject of four papers by Lockyer" and of an extensive investi- 
gation by Cleminshaw’ based on the long series of Ann Arbor spec- 
trograms. Cleminshaw’s study extended to March, 1935; the pres- 
ent paper describes changes which have occurred since that date. 

Approximately four years ago the writer’ stated: “....the 
brighter Be stars deserve continuous close attention for some years 
to come. Unusual developments may occur at any time in the spec- 
trum of any one of them..... ” At the time that was written, the 
star which appeared least likely to serve as an example was y Cas- 
siopeiae. Its history up to that time gave no hint whatever that 
it was about to embark upon a sequence of spectral changes which 
has been unique. 

There was very little change previous to 1930, and it was not 
until 1932 that the emission components developed conspicuous in- 
equality. At the end of 1933 the violet components were very strong 
and the red components were hardly visible. No sensible changes of 
intensities of absorption lines occurred up to that time; the hydrogen 
central absorption remained sharp and rather weak (intensity 1.0- 
1.5 on the scale used in this paper); and the helium lines were in- 
variably extremely diffuse absorptions without emission edges. 

Early in 1934 the central absorption of the hydrogen lines dis- 
appeared and the emission appeared single and narrow.‘ The first 

tM .N., 93, 362, 19333; 93, 619, 1933; 95, 520, 1935; 96, 2, 1935. 

7 Ap. J., 83, 495, 1939. 

3 Pub. Obs. U. of Mich., 4, 198, 1932. + Cleminshaw, op. cit. 
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trace of returning absorption was seen on October 14, 1934, but the 
lines were not distinct until December. The hydrogen emission 
again showed two components, the red component being much the 
stronger. This condition continued until March 24, 1935 (the date 
of the last plate studied by Cleminshaw), and probably through the 
succeeding six months, for only slight changes had occurred when the 
star was again observed in September. 


TABLE I 


EMISSION AND ABSORPTION INTENSITIES IN y CASSIOPEIAE 


| | 
. | 
EMISSION | 











ie HeLium HyDROGEN | HELIUM 
ee | VIR EMISSION | ABSORPTION ly 6880 ABSORPTION 
| | 2 | 
U.T. el et. me. ee eee 
| | | | 
Hy H&S |X 4026\A 4472! Hy | Hé | He | IX 3964/A 4026/A 4472 
1035 | | | | | 
Mar. 24.03 | 0.36) 0.45 | 2.0) 2.6 | 2g | tg | 1: li: los 
Sept. 18.32 | 0.5 | 0.63 rO/}/1.0/1.0/1.5}/0 |o |o.5 
19.29.....] 0.6 | 0.77 |. Eeage: panied }1— | 1- 
30.21.....| 0.45] 0.6 } 0-5] 1-5 | 1-5 aie We ea Ver ar ea) Rs 
Oct. o.i9 fay ba cP OS PESTS 14. 1S] i pt 
20.92... - 0.5 |0.4 0.5 | I: all Go I ie eg ae 
Nov. 22.26.. | o 43| 0.62 [Ors 3 i2.git— 14 fe i2 | I 
i fae | ie oe 
1930 | 
Jan. 15.05 | 0.67] 0.83].. lr— 13 |3 a ig fawtests 
Feb. 8.09 Pi. |. - ? ? 4 14 3 ‘ 42 43 
Mar. 29.05 }°.67/0.9/0.7/1.0}4 |4 |4 6 13 2.8 hg 
May 27.37 Ge ser 8 Cie oo C i 3 | 2 [6 {t.gts }2 
27.38 }o.gl 1.3] 0.5] 1.5 35] 3 13 |7 |2-5] 2.5] 3 
| | 


The data obtained from the Ann Arbor spectrograms between 
March 24, 1935, and May 27, 1936, are given in Tables I and II. 
We shall discuss first the changes in intensity exhibited in Table I. 

1. The emission ratio V/R changed gradually from about 0.4 to 
approximate equality of components. 

2. A sharp strong absorption line appeared at A 3889 (first an- 
nounced by Lockyer in his fourth paper). It was first seen on Sep- 
tember 30, though it was possibly faintly present (blended with 
H¢é) on September 18. It has remained very strong and sharp 
up to the present time. Measures of the velocity show it to be un- 
questionably He 1 3888.65. 
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3. The line \ 3889 was merely the first helium line to become con- 
spicuous. It was followed by others, equally sharp but not so strong. 
Of these, AA 3964, 4026, and 4472 were the most conspicuous; and 
at the date of writing they are still strong and very sharp absorp- 
tion lines. Other lines of helium which have been measured on one 
or more spectrograms are: AA 3820, 3926, 4009, 4144, 4388, and 
4713.5 Of these, \ 4026 and \ 4472 are flanked by distinct emission 
components of approximately the same width as those of the hydro- 
gen lines. 

4. The hydrogen central absorption lines were of “normal” in- 
tensity (i.e., approximately as they had been from r1g11 to 1933) 
in March and September, 1935. Simultaneously with the emergence 
of the strong sharp helium lines, the hydrogen central absorption 
began to increase; and these lines are now remarkably strong and 
sharp, so that the spectrum reminds one of that of @ Persei. 

The velocities in Table: II show interesting relations. For the 
earlier dates the differences of hydrogen and helium velocities are 
large and possibly significant, as the first three plates show the 
helium velocities to be systematically negative. On the other hand, 
the helium lines were then so ill-defined that their velocities are not 
very trustworthy. After they had become strong and sharp, they 
gave velocities which are in essential agreement with those of the 
hydrogen lines. 

The velocities in the fourth and fifth columns of Table II are 
obtained by assuming the line \ 3889 to be due wholly to helium 
and hydrogen, respectively. For the first date the identification as 
hydrogen gives better agreement with other velocities; for the sec- 
ond, the interpretation is uncertain; and for all the later dates the 
measures indicate definitely that the line is due almost wholly to 
helium. The velocities of the lines of Fe 11 agree with hydrogen and 
helium as well as could be expected in view of their small number 
and their faintness. 

The hydrogen velocities show a very marked lag with respect 
to the emission ratios V/R. In normal Be stars the greatest negative 
velocities occur shortly after the time when the red component of 

> As the spectrograms were taken on Process emulsion, the lines \ 4922 and A 5016 


were not observable. 
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the emission is strongest. In the present case the lag was so great 
that the emission components had practically reached equality 
(March 29, 1936) before the velocity reached its greatest negative 
value. This, however, is simply an exaggeration of a relation which 
is common in Be spectrum variables. 


TABLE II 


RADIAL VELOCITIES OF LINES IN y CASSIOPEIAE 





























| 
| 
| | | A 3889 
DATE HYDROGEN | HELIUM ku fine. Fe ’ = 
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He Ht 
1935 
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a. —33 4 |—-40 6] —35 66 | —19 2 
Feb. 8.09...... —21 3 |—23 4 —10 aie eo Weak 
Mar..29.05......| —4r 6 | —44 8 | —40 71 +2 2 
May £7.37. .->-. as =e 42) -@ | ~gs 2/ On —y@ 
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* Number of lines measured. 


T Velocities of individual lines very discordant. 


It is too early to theorize, but the changes suggest the formation 
of a more extensive outer shell of absorbing gases by the process of 
outward streaming of atoms. The fact that the red emission com- 
ponents were the stronger during these changes is in accord with 
this hypothesis. 

THE OBSERVATORY 


UNIVERSITY OF MICHIGAN 
June 10, 1936 
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REVIEWS 


The Quantum Theory of Radiation. By W. HEITLER. (‘“The International 
Series of Monographs on Physics.”’) Oxford University Press, 1936. 
Pp. xi+252. $6.00. 

This is a systematic account of the principles of quantum electro- 
dynamics in the form developed by Dirac and Fermi. The author wisely 
makes no attempt to present the subject in a historical fashion and thus 
avoids distracting the reader with alternatives. Neither is there any 
attempt to follow up all of the implications of the theory; instead, a 
limited number of applications are discussed in detail, the remaining 
possibilities being left unmentioned. The topics are selected with due 
regard to their importance. 

The first of the five chapters of the book deals with classical electro- 
dynamics in a summary fashion. The standard principles are discussed 
with the intention of exhibiting the weaknesses of the Lorentz-Abraham 
theory of the interaction of the electron with its own field. This is an 
important point since it is now clear that many of these weaknesses have 
been inherited by the quantum theory. It would seem that it could have 
been treated more effectively even in the space allotted. The most un- 
usual features of the chapter are the discussion of the Rayleigh-Jeans 
resolution of the field into plane waves, and the solution of the problem 
of emission by means of it. It is known that any classical problem that 
can be solved by the standard methods can also be solved by this method, 
but most writers have neglected to give any examples and have left the 
impression that the details of the solution would be quite elaborate. 

The introduction of the general principles of the quantum theory of 
radiation is accomplished in an able fashion in the second and third 
chapters. They are then applied to the various processes of emission, 
absorption, scattering, photoelectric effect, etc. The discussion is system- 
atic, the processes being classified according to the order of the approxi- 
mate solution of the general equations which is required for their dis- 
cussion. This systematic nature of the theory is its strongest claim to 
consideration in this field, since most of the equations can be derived from 
other theories as well. The formula for the natural width of spectrum 
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lines is an exception to this rule, and its derivation is appropriately fol- 
lowed by a consideration of the experimental data. 

The fourth chapter deals with the theory of the positron, on the basis 
of which Dirac predicted the existence and general properties of this par- 
ticle. While this theory involves assumptions not needed for the previ- 
ous work, it has no competitor. The creation and annihilation of posi- 
trons are discussed theoretically, and the conclusions are compared with 
the experimental evidence. The inherent difficulties of the theory are not 
hidden, but one is left with the conviction that here the theory has 
scored a very great triumph. 

In the last chapter the penetrating power of high-energy radiation is 
discussed, and a marked divergence between theory and fact presents 
itself. It is possible, however, to give a precise delimitation of the domain 
within which the theory remains applicable; it is also seen that the origin 
of these limitations can be traced to the classical predecessor of the pres- 
ent theory. The discussion of the possibility of developing a theory which 
will not be subject to these limitations is brief, and one feels that the 
author places too much hope in the possibility of modifying the classical 
theory without considering the chance that the rapidly developing field 
of nuclear physics will present empirical material which is relevant. On 
the whole, the author has done an excellent piece of work, and the book 


will probably remain a standard reference for the field which it covers. 


Cart ECKHART 
University of Chicago 





